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A Digital Nuclear Reactor Gontrol 
System 


E. P. GYFTOPOULOS 


NONMEMBER AIEE 


| 


HE GREAT EXPANSION in the 
Inuclear reactor field places increased 
phasis on the problem of reactor con- 
|. The complexity of a nuclear re- 
or installation suggests the use of 
ital computation in the over-all power- 
mt control system. The chief ad- 
atages to be gained from the use of a 
ital system would be a sizable increase 
the flexibility of the programing of 
control system and an increase in the 
acy of the computations. 
The problem of digital control for nuclear 
tors is approached in this paper in 
following manner. First, a pres- 
zed water-type reactor, and in par- 
lar the reactor now in operation at 
ppingport, Pennsylvania, is selected 
the one upon which the study is based. 
tain variables which can be used to 
ibe the behavior of such a reactor 
e selected as essential to the design of a 
actor control system. These variables 
e either measured directly (e.g., neutron 
el, coolant temperatures) or calculated 
measurable variables (e.g., reactor 
od, power level in the power plant). 
ext, several commands (e.g., fast or 
ow insertion of control rods, changes in 
bw rates) which can be used to control 
he behavior of the reactor are chosen. 
hen, an organization of digital computer 
ements for calculating the nonmeasur- 
ble reactor variables from the measurable 
nes and relating both measured and 
alculated quantities to the reactor con- 
ol commands, are developed. A func- 
ional design of the necessary computer 
ogic is carried out, and the required 
ister capacities, operation frequencies, 
nd scale factors are determined. The 
fect of both control system frequency 
md gain on the reactor stability is con- 
idered for a simplified system, and a 
veneralized transfer function for a stability 
mnalysis of any digital reactor control 
em is presented. 
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Quantities Chosen to Describe 
Reactor Behavior!—? 


The measurable quantities include 
neutron density [neutrons per cm (centi- 
meters)’], coolant inlet and outlet tem- 
peratures, reactor fuel temperature, 
moderator temperature, control-rod temp- 
erature, shield temperature, pressures 
and flow rates of both primary 
and secondary coolants, primary coolant 
level, control-rod positions, and gamma- 
ray flux in such places as the control 
room or exit air duct. 

The calculated quantities include the 
reactor period as given by: 


want 
dnl 
Ghai 


(1) 


the reactor power output as expressed by 
the relation: 


P=F(Tn—Te) (2) 
the average coolant temperature defined 
as: 


Tnt+Te 
2 


avg — (3) 
and an error temperature given by the 
difference between the desired, or refer- 
ence, average coolant temperature and 
the actual coolant temperature in the 
form: 


AT =Tret — Tave (4) 


See Table I for explanation of nomen- 
clature. 

The desirable signal to govern the 
movement of the control rods has been 
found to include a component propor- 
tional to the rate of change of the neutron 
level as well as to the actual level itself. 
It is given by: 


Ce (5) 
is 


where K; is a constant chosen to include 
a desirable fraction of the neutron level 
derivative component in the composite 
signal 5S}. 

Another type of control-rod actuating 
signal which is sometimes used contains 
a component proportional to the rate of 
change of the neutron level and another 
proportional to the error temperature.‘ 
It affords both derivative and integral 
control and is given by: 


Saree (6) 
T 


Reactor Control Commands 


The commands chosen to control the 
reactor are as follows: 


scram: This is an emergency situation in 
which there is grave danger if the reactor is 
not shut down immediately. All rods are 
to be inserted into the reactor very fast in 
order to reduce the reactivity as quickly as 
possible. 


REVERSE: The reactor is shut down, but 
more slowly than in a SCRAM. This situa- 
tion is caused by a difficulty which requires 
the reactor to be shut down, but which is 
not as urgent as the one requiring a SCRAM. 


CUTBACK: The power level in the reactor is 
reduced to a given low level, but the reactor 
is not completely shut down. The difficulty 
can be corrected while the reactor is still 
operating at very low power. 


REGULATOR RODS IN: This command is 
caused by a power level slightly greater than 


Table |. Quantities Indicative of Reactor Behavior 
hte a ee 


Variable Symbol Units 
Neutron level........--ceseee eee seeeees ‘Wilda weet neutrons per cm? 
Primary coolant flow rate.....--.+++-++- hee aa gallons per minute 
Primary coolant inlet temperature....--- TOanee ats degrees F 
Primary coolant outlet temperature.....- HIS Oem ede ee degrees F 
Fuel temperature. ......ssese eee eeerers dls Pare rir degrees F 
Measured reactor variables. . Primary coolant level.....--+.++++++err> fies SE % maximum level 
Primary coolant pressure.....-.++-++++9: Poseinseie pounds per square inch 
Secondary coolant pressure....--+++++++- DS iemea si pounds per square inch 
Gamma radiation flux......--+++seeeers C Menreicts mr* per hour 
Regular rod position........++++++++++05 , Gee ts em 
Shim rod position.......-.-+++++ee+e05 Rig ievarsteviene ts em 
Reciprocal period.......+-+-+see2eeeeee Li/ Fetes seconds™! 
Average coolant temperature,...-+-----> Tavg--.++ degrees F 
Reactor POWEr.....-- eee eee reese recess a? adi si ae kw 
Calculated reactor variables Proportional-plus-derivative con- 
trol signal........se cece creer er eters Si 
Error temperature. ...+.-sseeeeeeeere AD ep carta! ace degrees F 
Integral-plus-derivative control sig- 
SPREAD ONey relclceeiiatnaovede’ efalevep ei sialioliexs iecereTole sists S2 


*Milliroentgens. 
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MEASURED 
VARIABLES 
GROUP I 


CALCULATED 
VARIABLES 


Fig. 1. Block dia- 
gram for over-all 
computer 


METERS, 
RECORDERS 


Measured 
Reactor 
Voriobles 


MEASURED 
VARLABLES 
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cr 


TIME 
PULSE ——- CLOCK 
DISTRIBUTOR 


| 
COMMAND +41 REFERENCE 
MEMORY | MEMORY 
em 


| | 


COMMAND 
DECODER 


COMMAND 
GATE 


Control 
Command" Signats 


Reactor 


the demand reference level. The rods are 
moved in an inward direction until the 
power level has returned to below the tol- 
erated upper limit for the given power de- 
mand. 


REGULATOR RODS OUT: Here the power level 
is slightly less than the given command, and 
the rods are moved in an outward direction 
until the power level has returned to above 
the tolerated lower limit for the given 
demand level. 


EXCHANGE OUT: When a regulator rod has 
moved to its outermost position, its worth in 
reactivity is exchanged with that of the 
shim rods by moving the regulator rod from 
its outermost to its innermost position and 
at the same time moving the shim rods 
outward far enough to furnish the reactor 
with an amount of reactivity equal to that 
given up in the inward motion of the reg- 
ulator rod. This command is necessary to 
accommodate the gradual outward move- 
ment of the regulator rod due to fuel de- 
pletion and poison buildup in the reactor. 


EXCHANGE IN: The regulator rod is moved 
from its innermost position to its outermost 
one, while the shim rods are moved in by 
an amount necessary to make the net re- 
activity change zero. 


INCREASE COOLANT FLOW RATE: The flow of 
the primary coolant is to be increased, for 
example by increasing pump speed. 


DECREASE COOLANT FLOW RATE: The flow 
rate of the primary coolant is to be de- 
creased. 


In addition to these commands, the 
following subcommands are included: 


INCREASE FLOW RATE (F): According to 
this subcommand coolant flow-rate condi- 
tions merit an increase in the flow rate, but 
before it is permissible to give a definite 
command signal to increase the coolant 
flow rate, certain temperature conditions 
must be fulfilled. 


INCREASE FLOW RATE (T): Temperature 
conditions merit an increase in coolant flow 
rate, but before a definite command signal 
may be given, the coolant flow-rate condi- 
tions must also merit an increase in the 
flow rate. 


The simultaneous occurrence of the 
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subcommands INCREASE FLOW RATE (F) 
and INCREASE FLOW RATE (T) cause the 
full command INCREASE COOLANT FLOW 
RATE to be given. When the sub- 
commands are not given coincidently they 
have no effect. 

The following two subcommands are 
also available: DECREASE FLOW RATE (F) 
and DECREASE FLOW RATE (fT). The si- 
multaneous occurrence of the subcom- 
mands causes the DECREASE COOLANT 
FLOW RATE command to be given; their 
individual occurrence has no effect. 


Relations Between Reactor Variables 
and Control Commands 


The reactor variables initiate the 
control commands when the variable 
quantities become either greater or 
smaller than given references. To illus- 
trate with some specific examples, a 
SCRAM command is given when the neu- 
tron level is greater than 150% of full 
power, a REVERSE command is given 
when the neutron level becomes greater 
than 125% of full power; and a REVERSE 
command is also made when the coolant 
flow rate becomes less than 70% normal. 
A complete listing of the relations be- 
tween the reactor variables and the con- 
trol commands is given in Appendix I, 
which gives the conditions on the magni- 
tudes of the variables which initiate the 
various commands, In the nomenclature 
used, the symbols designating reactor 
variables are those given in Table I, and 
the additional subscripts are defined as 
follows: m refers to the absolute maxi- 
mum, or SCRAM level; 7 the REVERSE 
level; c the CUTBACK level; / the higher 
of two variable levels which cause the 
same command; o refers to the level which 
initiates the EXCHANGE OUT command; 
7 the level which initiates the ExcHANGE 
IN command, and ‘‘ref” to the reference 
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power-demand signal from the turf 
generator. Numbered subscripts 
to various trip levels used in init 
the subcommands; while 6 is a small 
tion used in establishing a zone, or region 
of permitted variable values. Fo 
ample, f-.,; refers to the lower RE 
level for the coolant pressure variable 


General Layout of Control Compt re 


GENERAL DESCRIPTION 


A detailed block diagram of the over-gp 
computer is shown in Fig. 1. The so 
lines indicate the flow of processe 
formation, while the dotted lines show 
flow of the timing pulses necessary 
operate the computer. The input tof 
computer, which consists of the meas 
reactor variables given in Table I, is 
directly to measured variable stor 
The variables are categorized into © 
groups. Group I includes those variable! 
which are not used in computing the cal 
culated variables, whereas group II 
sists of those variables which are u 
the calculations. The variables in 
IT are the neutron level, the primary « 
ant flow rate, the reactor inlet coo! 
temperature, and the reactor outlet 
ant temperature. The remaining y r 
ables are included in group I. ‘ 

The calculations are performed in twa 
computing elements: a calculator whiel 
performs addition, subtraction, and am 
plication; and a divider which perfom 
division. The need for the two sep 
computing elements arises from the fa 
that the necessary division in the cor 
putation of the reactor period ta 
longer than the total time required t 
form all other calculations. Also, 
calculator, which is presently 
simple, would have to be substam 
enlarged if it were to perform divi 
in addition to the other arithmetic op 
tions. The calculator and divider 
the calculated variable storage regi 
the signals from which are sent to 
indicating and recording devices. 4 

The reactor variables (both measurea 
and calculated) are sent to the compara’ 


tor where they are compared with — 
reference levels. The comparisons - 
carried on at the same time the cal 
tions are being performed in the cal 
tor and the divider. Each reference 
has an associated coded command sig 
which is read partly into the compara 
and partly into the command deco 
every time a comparison is made. 1 
result of the comparison is gated with 1 
decoded command signal to provide cc 
puter output signals which either initi 
or terminate the reactor control cc 
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From Reference Memory 


R REGISTER 


ommand 
Es Memory 
COMMAND | SIGN 


DECODER |INDEX 
ILIP-FLOPS | FF 


(9) _ Command 
Signals 


COMMAND 
DECODER 


2. Comparator and its associated elements 


nd signals. Timing pulses for all 
ations are furnished by a 64-kc clock 
its associated time-pulse distributor. 
operations are carried out in parallel 


CULATOR 


he operations of addition, subtraction, 

multiplication are performed in the 
uilator, which functions as an ac- 
nulator and which consists of a sum- 
duct register, an addend-multiplicand 
ster, and a multiplier register. In the 
cess of adding two numbers, one num- 
is read into the sum register while the 
er number is placed in the addend 
ister. The logical expressions for the 
m and carry for each digit position are 
med when the numbers are inserted in 
sir respective registers, and the actual 
dition operation is performed upon the 
plication of an “add” pulse. The sum 
stored in the sum-product register and 
ay be read out upon the application of 
read-out” pulse. Subtraction is per- 
med by complement addition. Multi- 
cation consists of a series of additions of 
e contents of the multiplicand register 
those of the product register, and shifts 
the product and multiplier register 
sits according to whether the multiplier 
gits are ones or zeros. 


IVIDER 

Division is performed in the divider by 
series of additions and subtractions gov- 
ned by the following rules.’ First, the 
visor is subtracted from the dividend. 
‘the remainder is positive, a one is 
laced in the most significant quotient 
ssition and the next operation is set up as 
subtraction. If the remainder is nega- 
ve, a zero is placed in the quotient and 
1e next operation is set up as an addi- 
on, The divisor is then shifted and the 
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process repeated, with the ‘answer’ 
digit being placed in the next most sig- 
nificant quotient position. 


COMPARATOR AND ASSOCIATED ELEMENTS 


The function of the comparator is to 
compare the reactor variables with var- 
ious reference levels, and to initiate con- 
trol command signals when the variables 
exceed (or in some cases become less than) 
the reference levels. The comparison is 
made by subtracting the reference level 
from the variable level. In the actual 
computation the complement of the refer- 
ence level is added to the true value of 
the variable level. 

As is shown in Fig. 2, the variable is 
placed in the V register and complement 
of the reference level in the R register. 
The addition is performed by means of 
add logic, which sends the sign of the re- 
mainder to the sum flip-flop. Each control 
command is given a specific code. If the 
control command signal is to be given 
when the variable exceeds the reference 
level, a sign index of 0 is assigned to the 
control command. If the signal is to be 
turned on when the variable becomes less 
than a particular reference value, a sign 
index of 1 is assigned. A list of all 
possible commands, their binary code, 
and sign index number is given in Table 
II. 

These command codes and sign indexes 
are stored in the command memory. 
When a particular comparison is to be 
made, the command code and sign index 
associated with the reference level used in 
the comparison are read into the com- 
mand decoder and sign index flip-flops. 
The command signal is turned on if the 
digits in the sign index and sum flip-flops 
are both 1 or both 0. The command sig- 
nal is turned off if one flip-flop contains a 1 
and the othera 0. This gating action is 
performed by the on-off gate. The com- 
mand decoder is a diode matrix which 
causes one of its 13 output lines to be 
activated in response to inputs from the 
four command decoder flip-flops. The 
command gate functions to turn the 
command signals on and off at the proper 
times according to signals from the on-off 
gate and from the command decoder. 


Timing-Pulse Generation 


The timing pulses necessary for opera- 
tion of the computer are furnished by a 
clock and its associated time-pulse dis- 
tributor, the latter consisting of a six- 
stage flip-flop binary counter and an 
associated diode matrix. Output pulses, 
designed P1 through P64, are furnished 
and are routed to different places in the 
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Mk Mk t 


Fig. 3. Sampling for period calculation 


computer. Since the clock frequency is 
64 ke, a complete cycle of timing pulses 
lasts 1 ms (millisecond). 


Calculation of Reactor Variables 
REACTOR PERIOD 


In the determination of the reactor 
period, due to ease of computation, the 
reciprocal period 1/r rather than the 
period itself is calculated. The digital 
computation is performed according to 
the approximate relation: 


An mk—Mk-1 ul (7) 
Nk-1 At 


A hypothetical waveform of neutron 
level as a function of time is shown in Fig. 
3. Samples of the neutron level are made 
every millisecond. The (k—1)th sample 
is subtracted from the th sample, the dif- 
ference is divided by the (k-1)th sample. 
The (k—1)th sample, rather than some 
mean value between the (k—1)th and kth 
is used in the denominator in order to 
ensure that any errors in period for an 
increasing neutron level will always be 
on the “safe” side. In other words, for 
an increasing neutron level, An will always 
be divided by the smaller of the two neu- 
tron levels, thus making 1/r greater than 
it would be if 7% or some mean value of n 
were used in the denominator. 

The acttial sequence of operations for 
performing the calculation of reactor 
period is as follows. On timing pulse P64 
the neutron level is sampled, and a num- 
ber proportional to the neutron level is 
read into the m, storage register com- 


Table Il. Command Codes and Sign Indexes 

Sign 

Command Code Index 
INCREASE Fra.c ule musts sioecs aie oe ieieas hats « O00]. -- 1 
DECREASE F(F)....-.----+-+-++-08 GOTO iis ane 0 
INCREASE F(B)i 2.26.00 eee eee os OLDS Sane 1 
. OL00' Sao 0 
REVERSE (variable reference)... . (eae ara 1 


INCREASE ECE) oc cnles sein eoleoure tes 
DECREASE FCM) c lac la ate/sterctage Ge) ome 


EXCHANGE OUT 


cuTBAcK (variable reference)... . { 1101 1 


Pes | ny STORAGE 
Nk-| STORAGE 
P3 
[1] 


ADDEND 


P3 through P64 


DIVISOR 


QUOTIENT 


Pl 
YVTSTORAGE 


posed of a parallel array of flip-flops (see 
Fig. 4). This operation may take the 
form of sending the output signal from an 
ionization chamber through an analog-to- 
digital converter. The analog-to-digital 
conversion problem is not discussed here 
but would have to be considered before a 
physical system could be realized. 

On the following timing pulse, P1, the 
present neutron level ; is read into the 
sum register of the calculator and the 
complement of the previously sampled 
neutron level, #_1, is read out of the f,_1 
storage register and into the calculator 
addend register. P2 is an add pulse 
which causes the contents of the addend 
register to be added to the contents of the 
sum register, the result being stored in 
the sum register. In this case the result 
is m~—m41. This quantity is read into 
the dividend register in the divider on 
P3. If m4—n,z_1 is positive, P3 also reads 
a 0 into the sign position of the quotient 
register since mz is always positive; 
hence the sign of the quotient depends 
only on the sign of mx—nz_1. If mp—my_1 
is negative, its complement is stored in the 
sum register and must be inverted before 
being read into the dividend register. 
The I/N block in Fig. 4 means the digits 
are to be inverted (complemented) as they 
are read into the dividend register if the 
sign is negative. P3 also reads m,z_1, the 
complement of fx_1, into the divisor 
register. 

P4 reads the complement of ; into the 
fix. tegister where the present m, be- 
comes the 7,z_, for the next computation. 
The m, register receives the next m, sam- 
ple on P64. During pulses P3 through 
P64 the division which forms 


Nk —Nk-1 
Nk-1 
is carried out, and on the following Pl 


the quotient is read into the 1/7 flip-flop 
storage register. 


ADDITIONAL COMPUTATIONS PERFORMED 
BY CALCULATOR 


The additional reactor control variables 
which must be calculated are the average 
coolant temperature, the coolant tem- 
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Fig. 4 (left). Se- 
quence for period 
calculation 


Fig. 5 (right). 
Sequence for ref- 
erence’ control- 
signal calculation 


DIVIDEND 


perature difference between the inlet and 
outlet to the reactor, the reactor power, 
and the proportional-plus-derivative con- 
trol-rod actuating signal. 

The calculation of the proportional- 
plus-derivative control signal proceeds as 
follows. ‘On P4 the present neutron level 
is read out of the vx register into the sum 
register. At the same time the reciprocal 
period is read from the 1/7 storage register 
to the addend register. Information is 
stored in the 1/7 register in the form of the 
sign digit followed by the magnitude of the 
number in ordinary binary code (not com- 
plemented if negative). Therefore if the 
reciprocal period is negative, the digits 
must be complemented before being read 
into the addend register. P5 adds the 
two quantities, after which P6 reads the 
sum u+K,/r=S, from the sum register 
to the S; register. In the read-out opera- 
tion the digits are complemented if the 
sign is negative. 

In the computation of the average cool- 
ant temperature, T), is read into the sum 
register and T, is sent to the addend 
register on P7. P8 adds the two quanti- 
ties and stores twice the average tem- 
perature in the sum register. P9 reads 
out the average temperature to the Tav, 
storage register, the factor of 2 being 
eliminated by ignoring the least significant 
bit in the read-out process. 

The calculation of the coolant tem- 
perature difference involves reading in 
T;, to the sum register and the comple- 
ment of T, to the addend register on P10, 
adding these quantities on Pll, and 
reading (T,—T,) out of the sum register 
on P12. The computation of reactor 
power is slightly more involved. P12 also 
treads (T,—T,) from the sum register 
to the multiplier register and puts the 
coolant flow rate F into the multiplicand 
register. The following odd-numbered 
pulses are ‘‘add attempts,” ie., the least 
significant digit in the multiplier register 
is tested; if this digit is a 1, an ‘“‘add” 
pulse is applied to the calculator, while if 
a0, no pulses occur. The even-numbered 
pulses shift the contents of the multiplier 
and product registers. The multiplica- 
tion is completed on P39; hence P40 
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Stret (1+5) | P43 


forms the addition, and P43 reads S$ 


ADDEND Ly | Sint ll 
P44 


reads the reactor power out of the st 
product register. 
The calculator must perform two a 
tional computations, namely the cal 
tion of the tolerated upper and low 
limits for the reference proportional 
derivative control signal, which vy; 
according to the load on the turboge 
tor. The sequence of computatio 
illustrated in Fig. 5 and proceeds as 
lows. On P40 the signal Sjret is read i 
the 5Sirer register. For the present co 
tations 6 has been chosen as 1/16. 
multiplication of Strer by 6 is accompli 
by dividing by 1/5. Since 1/6=16 
that is required for this operation is t 
ignore the four least significant bits in th 
transfer of information from the Sjres reg 
ter to the OSes register. The 345, 
register is made four bits shorter than € 
Siret register and the transfer proces 
effect shifts Sire¢ to the right by four 
P41 reads Stret into the sum register ¢ 
dSiret into the addend register. P42 pe 


(1 + 6) out of the sum register. P44r 
the complement of 5Sirer to the adder 
register and Sire¢ to the sum regi 
After the addition is performed on 
the result Siret (1—6) is read out of # 
sum register on P46. A complete puls 
timing sequence for the comparator ope 
tion is given in Appendix II. 


Timing Sequence for Comparator 


The principles of comparator operati 
have already been discussed. The a 


Table Il. Comparator Command Timir 
Sequence 
Pulses on 
Command C 
Command Occur — 

INCREASE'3:; , 5 cau ets crore eee P41 

DECREASE: BG) Cachtas acts woe P42 

INCREASE #(R) vac100 8 gates P43 

REVERSE (variable > reference)... P2,5, + i i | 
18, 22, 26 
29, 33 

REVERSE (variable < reference)... 


INCREASE F(T) 
DECREASE F(T) 


RODS EXCHANGE OUT........... P37 
CUTBACK (variable > reference)... P3,6,9,13,15,17 
19, 23, 27, 30, 3¢ 


CUTBACK (variable < reference)... P2, 1, 25, 36, 
46 
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img sequence for comparator operation 
ow given. Appendix III shows what 
rence levels are read into the R register 
hat timing pulses. Table III lists 
timing pulses which read the various 
hmand codes into the command de- 
er. By comparing Appendixes II and 
it may be seen that the quantities which 
| cause scramming of the reactor, 
ely excess neutron level or reactor 
| od, are tested as soon as possible after 
) sampling of m and the completion of 
jcomputation of 1/7. Also, note that 
| control signal S; is computed on P6 
sent to the comparator on pulses P7 
ough P11. 

Fig. 6 shows a block diagram with the 
iable storage registers and calculating 
sters as well as the timing pulses as- 
ated with each register. 


agnitudes of Control Quantities 


[fable IV gives the magnitudes of each 
erence level and shows the criteria used 
heir determination. Much of the data 
these criteria applies to the Shipping- 
reactor.‘ 

n determining the magnitude of the 
tor reciprocal period, the following 
bcedure was used. Since the variables 
> sampled every millisecond, the recip- 


xX -— Xin @) 
n n 


1 1 
=107*X-— (9) 
T 


br a reciprocal period of 0.2 second™, 
e fractional reference level must be 10° 
0.2=0.0002, since An/n is what is 
tually calculated. In the calculation of 
€ proportional-plus-derivative control 
mal S,=n+K./r, K: is chosen so that a 
-second period is equally weighted 
sainst a full-power level. Using this 
terion, K, turns out to be 24*=2°X2. 
nce the reciprocal period is a fraction 
nd has its decimal point at the left of 
he 30-bit register) while the neutron level 
a whole number (having its decimal 
pint at its right), the proper scaling is 
omplished by merely shifting the 1/r 
mber 11 bits to the left as it is read into 
calculator for addition to the neutron 
vel, The capacity of each variable 
orage register is shown by the numbers 
gate in Fig. 6. 
Jerivative-Plus-Integral Control 

_As was previously mentioned, instead 
f employing a proportional-plus-deriva- 
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Fig. 6. Interrela- V 
tions of storage and 

° P26 
calculating registers P27 


nk Ea 


PI 130) 5 os pa SUM - PRODUCT ps 
Fe 1] iA (s+ 30413) 


Le) Add P2,5,8,11,42, 45 
Shift Sum & Multiplier 
P3 Peven 14-38 
Li Add Attempt 
Podg 13-39 
DIVISOR 
(60 +s) 
i/n 
P4 
Yr P4,5,6 Vv 
(194s) 
PI 


Table IV. Magnitude of Reference Levels 


Actual 

Reference No. on 
Level Criteria!—4 Magnitude of Level Computer 

Bat OTC ote C 150% full power........-.----.+200- 1 Wai, 4 (Reno oamcicinoacacrry tora" 1.5X108 
WB Fic vies: «ape Sula eres 125% full powers: c.20).- 2. -.2s-ess PT SQ5SCTOE YS, Sane oc cectte ere eneeteletorers 1.25 X10 
t osnodecaamoedec 125% till power ive. os</-ieinte miele leet Ve VAR SC IOS ino crevitss ee - Sorte tate ale 1.125 X108 
(U/a)miaese cece 7 ==) BECONGS Airy atte rire cee ole ime eneie vie 0.0002 second-?. :......--ccsreese 0.0002 
(OUD yoo Serene m= 10) SECOMAS ore « lez sers sv o)e Got laleia misia0 0.0001 second=?.........seeeeceer 0.0001 
(GWE APRA S80 #15 SeCOndSeancustert eae cists etalon aco 0.000067 second.........++2-se0+- 0.000067 
ATC Hara daarape pe 150% full power. 2.0). 6220s e eee cree WEG CIOS. 2s tea sia ssaier = stataleion crel stonete 1.5108 
Re eo FRA AO en 125% full power.........-2-eeeesoee Ls QBIK LOB kl le cierene sara SB lelelove ein ered 1.25108 
Bode sapidnodas 112.5% full power.......-...-++.00+ LEIDH KOBE saierciain tiered tie ihelsusialelae 1.125108 
Thr . =, Oil Bae Am aMOedacaicnr o> coeae ck 62,500 
They ce et peea ae {poe el ee ee 60,000 
T fr : x 625. BAA aA Rae eee 62,500 
"i ai Se eed ae EU LS EAL EE Ie Ech ene eg 1 60 ,000 
Tee) aakbiss.reteins (Tr—Tc) at full power =35 F; 
ree) Thr =625 F; The=600 F..0...., (et ee 
(Tna—Te)r..-.-++- 143% full power.........--+-++sse0- BO) Bh sac achat: 0: oie. 40s ocasistelo aan els taneraan 5,000 
(Th—Te)c....++++ 126% full power......----+-++-eeeeee AS Roo laa seco ee ere tora 4,300 
(CE N= Le)ionese <= 108.5% full power..............---- QSrB) S Neca dias eck Wameneae salueiae 3,800 
(Ta—Te)2.....-+- 50% full power.......--.+----seeee LPB Rete eco wcrc attetane e akpsers tony 1,750 
TAGs 2002-00000. BiSO OLS rs ee ee eee stewie ste h ayaa AT5 Bix Sac viasa ais vehe tara eeteniatels 47,500 
Tavge-.--..eseess / AES Dita niok inc caine ak neo cmmoloranroorssra BOO! By ca iais-c cit sleietale erat tate 3etaterena 50 ,000 
Fis dee eae eee Flow Rate 115% Normal.........+.- 51,750 gallons per minute.......- 25,875 
Baas secs eereevte Flow Rate 105% Normal...........- 47,250 gallons per minute........ 23,625 
PiSte sorcerer catecel Flow Rate 95% Normal...........- 42,700 gallons per minute.......- 21,350 
Bis ee tates slap ete Flow Rate 90% Normal...........- 40,500 gallons per minute.......- 20 , 250 
Febcan eecc Wieoics: « Flow Rate 80% Normal.........--- 36,000 gallons per minute......-. 18,000 
Py ncieuO Paes woe Flow Rate 70% Normal........-.-- 31,500 gallons per minute........- 15,750 
Der Wi ays ois eiardsyaiver pe maximum =2,500 psi*.........+.- 2,400 psiles cnia ein ne wei spsaten eras 24,000 
POR... sre ervcce pe normal =2,000 psi.......-.+-+++-- D200) Pte, v:cjere « wisi wies= nmiatereiolesesy relate 22 ,000 
Poets. s- ses. eee pe varies 1,850-2,150 psi.......--+-- Li SOO spake s 6 acl Pei sceletateintoherseaote ale 18,000 
Ph enT ne eh escae att Goi ds is Se Fee 9° 1, G00 pelvic. saieuc he eee 16,000 
Path. cece secceee ps maximum =975 psi.....-.-++++++- Q5Opsis rosie cies acc ae viel sisiereiarer as 9,500 
PSC... es ee cece bs full power =600 psi.....-----+-++> O25 wpsill. eck. ie ee Eheewe etre 9,250 
Peele ciaitie wll shares ps no load =885 psi..-.----+--++-+++ 525) DSias.n5 <i pale ses ste ela iene 5,250 
PEt extn GRC GHen OS DOOROR ODOM mags iit pI FICO OTC A5OMPsts foc cele any = da insoles sere 4,500 
fea RELA. CP eld HERO UG arty aay MIO 80% cnt, capa iereees ae = eos eraaes 800 
joes ee CeTanS Pasion taco tian Go Hentouer.s Obi Eaga tt ik Paine ape omen come Coa Sra Go 700 
FS os wai GE Ou ON Sa c AIOE Mato Ghat baad IR Sieur f/hours.. 6.215. oe be aie ese aeels 5,000 
PP oe Cee me DEI pom omerc Pe ooing 2 oda 2 mr/hour......-. essere ee eer eres 2,000 
Prova ieee 150% full power......--++--eeeeeeee 90) O00 EW... oo ee ne es sacle simon 118,125,000 
Peto ae esate eleletete 125% full power.......----++eee5se T5000 Kwesi. ose sc ewie ns cles sores 98 ,437 , 500 
Xd te ais osisiekeusiele 1/4 full rod travel.........++-++-20++ AG, Cie co cicins tele eisai s ores ee: 920 
ao ne. 8/4 full rod travel......ce0.+.p+++e0 SG cin. coc ee 2,760 


* Pounds per square inch. 
+ Milliroentgens. 


tive signal to govern control-rod move- 
ment, a derivative-plus-integral signal 
may be used. In fact, such a signal is 
actually used in controlling the Shipping- 
port reactor, and is given by:4 


S2=AT+K;/r (10) 


In using this type of control, it is neces- 
sary to compute the intermediate variable 
AT. This can be done by reading in 
Tret=525 F (degrees Fahrenheit) and the 
complement of Ty, to the sum and addend 
registers of the calculator and then apply- 
ing the usual add pulse. K2/r could then 
be added to AT in the same way that K,/r 
is added to n. 

Kez may be chosen as follows. If, in the 
expression for S:, the reactor period is 
replaced by the quantity 1/5k, where / is 
the mean neutron lifetime in the reactor 
and 6k is a small change in reactivity, the 
control signal becomes: 


s.-ar+,(*) (11) 


By assuming that the average coolant 
temperature Tyg was initially at Tree but 
has changed by a slight amount AT’, the 
change can be expressed as: 


AT =Tavg — Trot = —AT (12) 


The change in reactivity is related to the 
temperature change by 


5k =(—a)AT’ (13) 


where (— a) is the temperature coefficient 
of reactivity of the reactor, which in the 
case of the Shippingport reactor is inher- 
ently negative. Equation 11 can now be 
rewritten as: 


= AT +Ka- AT (14) 


For both terms in equation 14 to carry 
equal weight K, a// must equal 1. Fora 
temperature coefficient of —210~4 per 
F and a mean neutron lifetime of 10-3 
seconds, K, must equal 5. 


Breaking into Calculator Timing 
Sequence 


In the design of a computer similar to 
the one just described, it may be desired 
to use the calculator to compute a very 
slowly varying quantity, and there will 
not be enough timing pulses available to 
program the calculation into the regular 
timing sequence. One way to perform 
the calculation and still meet the timing- 
pulse restriction is occasionally to break 
into the calculator timing sequence at a 
point where other slowly varying quan- 
tities are being computed and to perform 
the new calculation instead of the regular 
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one. A simple method for doing this has 
been devised and will be discussed. A 
specific example will be used to illustrate 
the procedure. 

Suppose that timing pulsesP40 through 
P46 are not available for calculating 
Stret (146) from the power demand sig- 
nal Sirer, and that the power demand 
changes slowly enough so that it is nec- 
essary to compute Stet (146) only oc- 
casionally. Since it is not necessary to 
perform the regular temperature calcula- 
tions on every cycle, the Siret (146) cal- 
culations will occasionally be substituted 
for the temperature calculations in the 
regular program, More specifically, it is 
desired occasionally to substitute the 
program given in Appendix IV for that of 
pulses P6 through P12 of Appendix II. 

The logic designed to carry out this 
substitution functions as follows, When 
a “change sequence”’ pulse occurs, a flip- 
flop is set to control certain AND gates 
which block timing pulses P7, P9, P10, 
and P12 and other gates which permit 
pulses P6’, P9’, and P12’ to occur. 
Pulses P6, P8, and P11 are still allowed, 
and the timing sequence given in Appen- 
dix IV results. P12’ returns the flip-flop 
to its original state. 


Decreasing Permissible Reactor 
Periods During Low-Power 
Operation 


The proportional-plus-derivative con- 
trol signal S; is given by equation 10 as 
equal ton + Ki/r. Ky is chosen so that 
a 22-second period is equally weighted 
against a full (100%) power neutron 
level. The control signal is obtained, 
however, according to the load on the 
turbogenerator. Therefore, for a power 
demand of less than 100% the signal S; 
will be decreased from its full-power 
value. When this happens, the tolerated 
limit on the reciprocal period will be auto- 
matically reduced so that the shortest 
allowable period will be greater than 22 
seconds. For example, for a power de- 
mand of 50%, the period limit will be 44 
seconds. This means that for small power 
demands the permissible rate of change in 
reactivity is decreased; hence it will take 
longer for the reactor to reach desired 
power levels. 

A method has been devised for speeding 
up changes in power level during low- 
power demand. Essentially, it consists of 
merely modifying the calculated reactor 
period. Table V shows the reciprocal 
period demands which correspond to 
several given power demands in the sense 
of having the same controlling effect on 
the regulator rods, and by what fraction 
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Table V. 


Power-Demand Reciprocal-Pey 


Correspondence 
Power Corresponding Multiply 
Demand,% 1/7 Demand 1/r by 
LOD) rene eeuettes 004550)... chee 1.0 
SOM oe eee 0.02275. 05 2 0. ee 0.5. 


LO ee arivcrsteretsin ls Q\00455. etiam taken 0.1 


the true reciprocal periods must be mul 
plied in order to tolerate a 22-secor 
period for each power demand. , 
As a specific example, assume the pow 
demand is 50% and the reactor is 
rently operating on a 22-second peri 
The calculated 1/7 will be 0.0455, but 
the computer described in this article 
used, the control signal S; will tolerate 
reciprocal period no greater than 0.0227 
Hence, the control rods will be moved 
until the reactor is forced to operate 
nothing less than a 44-second peri 
Now, suppose that the calculated 1/7 
multiplied by one half, the ratio of actu 
to 100% power demand, to obtain a ne 
reciprocal period (1/7)’ = (0.0455 1/9): 
0.02275. When this quantity is co 
pared with the control signal the limit 
just reached, and the reactor is st 
allowed to operate on a 22-second peri 0 
Using this method, the calculatio 
would proceed as follows. The comput 
tion of 1/7 would be carried out in exaet 
the same manner as before, the resu 
being sent to.the meters, recorders, ar 
the V register of the comparator the sa a 
as before. However, an additio n 
quantity (1/7)’ = (1/7) times the pow 
demand divided by the full-power ley 
would be computed, and this quanti 
would be employed in computing the e 
trol signal S,. In other words, equat 
10 would be replaced by the relation 


Si=n+Ky (2) (ql 
T Pt 


This ensures that the allowable recipro Ci 
period is not reduced when the pow 
demand is below that of full power. | 


aod 


Stability 1 


An essential requirement for any cor 
trol system is that it be stable for a 
conditions for which the system is to I 
operated. In a nuclear reactor contr 
system the stability requirement is eve 
more important since the damage whie 
could result from an unstable atomic pil 
is considerable. 

A complete stability analysis canne 
possibly be presented here; however 
brief and simplified analysis which ind 
cates that the designed digital reacto 
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rol system is stable and which throws 
Ie light on the general problem of 
ility of sampled-data reactor control 
pare follows. In this analysis, a gen- 
j block diagram for a nuclear reactor 
J its associated sampled-data control 
lem is set up and reduced. The trans- 
functions which pertain to the specific 
jem under consideration are formu- 
id, and several simplifications are made. 
} stability is studied by means of root- 
us techniques, two root loci plots being 
ded to illustrate the effect of varying 
jsampling frequency on the allowable 
-all system gain. 

generalized block diagram for a 
npled-data nuclear reactor control 
tem is given in Fig. 7(A). F(s) is the 
nsfer function for the nuclear reactor 
i relates changes in reactivity 6k to 
ges in neutron level 6x. The output 
is sampled by an impulse modulator 
and the samples (impulses) are sent 
ough a digital computer G(s). The 
ation G(z) is used to indicate a purely 
ete (sampled-data) system, whose 
place transform consists of functions 
he form ¢ = z, where T is the time 
ween samples. The output of the 
mputer is sent through some continuous 
nents, represented by H(s), in the 
dback loop before being used to furnish 
e reactor with reactivity of opposite 
larity to the original disturbance. 
The block diagram of Fig. 7(A) can be 
duced to the successive forms shown by 
gs. 7(B)-(E). The starred quantity 
notes that only the samples (HF)* 
the purely continuous transfer function 
F are of interest. The transmission T 
ym 6k to én may be written by inspec- 
yn of Fig. 7(E) as: 


F it 
=a] | (HF) (16) 


If the input 6% consists of one sample, a 
it impulse, the transmission can be 
ought of as representing the unit im- 
ilse response of the system. If one is 
terested only in the samples of the im- 
ilse response, the pure z-domain trans- 
ission may be given as: 


P\*"|_ GF) 
= r+_(F) | a | i) 


ence the system is represented by an 
tirely discrete transfer function and root 
cus or similar frequency domain tech- 
ques may be employed. The next step is 
. determine the specific functions F, G, 


F * 
er, (7) ,and (HF)*. 
The transfer function for a nuclear 


actor can be shown to be of the follow- 
ig form: 
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an(s) _ Mo 
dk(s) 1 


(18) 


1 
6 
Bi 
1 
. Dare 


t=1 


where 1, is the steady-state neutron level, 
1 is the mean neutron lifetime, 6; is the 
fraction of total neutrons in the zth group 
of delayed neutrons, and X; is the decay 
constant for the ith group. Equation 18 
can be simplified by considering one group 
of delayed neutrons with appropriate 
constant 8, \. Equation 18 becomes: 


bn(s) __No(s+) 
5k(s) Is(s+d) 


(19) 


In the following analysis \ will be chosen 
as 0.075 second, while the value of d 
will be taken to be 50 seconds™4. Tem- 
perature effects may also be taken into 
consideration, although for the purposes of 
this analysis these effects will be neglected. 

The feedback control consisting of G(z) 
and H(s) in Fig. 7(A) actually is made up 
of several components. First, the com- 
puter sends out a sampled signal propor- 
tional to the neutron level and the rate of 
change of the neutron level. The com- 
puter transfer function will be denoted 
by D(z). 

In order to facilitate the analysis, the 
derivative component of D(z) will be 
ignored and the computer will be assumed 
to furnish merely a delay of some sample 
time. In other words, 


(20) 


Next, the signals are considered to be 
quantized, i.e, for any neutron level 
greater than m(1 + 6) the computer 
sends out a +1 signal meaning move the 
rods in, while for any neutron level less 


Sk. 


Fig. 7. Reduction of general- 
ized reactor-control block dia- 
gram 


than ,(1—6) a —1 signal is generated to 
move the rods out. For neutron levels 
between 2,(1+6) and 2,(1—6) no correc- 
tive signal at allis initiated. For the pur- 
poses of this analysis, however, the quan- 
tizer will be assumed to have a transfer 
function of unity. 

After being quantized, the control 
signal is held, or clamped, at a given value 
for an entire cycle of computer operation 
(sampling period). The transfer function 
for the clamping operation is given by 1/s 


U=(/s)), 
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Finally, the clamped signal is used to 
control a motor, which in turn drives the 
control rods. The transfer function used 
to describe the behavior of the motor is 
(Km/1-+rms) where Km and tm are the 
gain and time constants for the motor 
respectively. A value of rm=0.1 will be 
used in the ensuing analysis. 

The motor transfer function and the 
1/s term from the clamper will be grouped 
together and termed H(s), while the com- 
puter transfer function D(z) will be 
paired with the [1—(1/z)] term from the 
clamper to obtain G(z). The quantities 
F, G, and H can thus be expressed as: 


_ No (SSEN) cK (s+0.075) 


ES)= Gd). SGD) ae 

a@=t(1-1) a (22) 
3 & & 

H(s) = Km ~ Km/t (23) 


s(tms+1) s(s+10) 


Inspection of equation 17 reveals that 
the stability problem can be analyzed by 
focusing attention on the poles of F* and 

F * 
@ and the zeros of 1 + (HF)* G. 
F(s) can be expanded in a partial fraction 
expansion of the form: 


Sn Sk 


(A) (B) 
HF t A k My HF { A 
M FMG -HF 
G 
-HFMG 
(C) (0) 
k Vu HF I n 
FMG -HF 
\ 
1+ (HF)*G 
(E) 


Fig. 8. Locus of roots of 1-+(HF)*G for T=10-3 seconds 


F(s) at 


$150 2) 


The 2-transform for F(s) can then be 
written down by inspection as: 
b 


F*(2) =— + 


-—1 zs - 28) 


where T is the sampling period. 

F* (z) is seen to have poles at z = 1 and 
ats = «©? For the transform z = «7 
the unit circle corresponds to the j-axis of 
the s-plane, poles outside of the unit circle 
causing instability and poles inside of the 
unit circle giving rise to stable systems. 
Since the poles of F*(z) do not lie outside 
of the unit circle, F*(z) is seen to be stable. 


* 
A similar argument holds for (z ) . 


In examining the zeros of 1+(HF)* G 
root-locus techniques will be used, since 
(HF)* is a function of the feedback loop 
gain. (HF)* G can be shown to be given 
by: 


5Tz | 20° 5 
(HF)*G=— Gas oes 
25 1 
oe on C=) x 10-4K (26) 


where K is defined as KiKm/tm. The 
computer was designed to sample the 
neutron level and send out a command 
signal to the control rods every milli- 
second. Hence T is set equal to 107 in 


equation 26 and in order to simplify the ~ 


analysis, e~!°" = ¢~?-lis approximated by 
unity. Equation 26 then reduces to: 


(z—679) X1.5XK177K 


(EEG = —0.951)_ 


A (27) 


A plot of the locus of the roots of 1+ 
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(HF)*G as given by equation 27 is shown 
in Fig. 8. The system is seen to be stable 
for all values of positive K less than 482. 

In order to determine the effect of vary- 
ing the sampling frequency, a sampling 
period of 10~* seconds was hypothesized. 
A frequency greater than 1 kc was chosen, 
rather than one smaller, since for high 
sampling frequencies approximations can 
be made which greatly simplify the analy- 
sis, whereas for sampling frequencies less 
than 1 ke, the analysis becomes far more 
complicated. For a sampling period of 
10~* seconds both e~7 and «7 can be 
approximated by unity, and equation 26 
reduces to: 


1.5XK107°K 
2(z—1) 


Fig. 9 gives a plot of the locus of the roots 


(HF)*G= (28) 


Fig. 9. Locus of 
roots of 1-+-(HF)*G 


T=10- seconds 
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of 1+(HF)*G as given by equatic 
28. The system is now seen to be stalk 
for all positive values of K less than § 
X 108, and for K less than 1.67108, # 
loci remain entirely on the real ; 
Note that there is a substantial increase: 
the allowable K when the sampling fr 
quency is increased from 1 kc to 100 ke. 

For any sampling frequency grea 
than 100 ke the approximations tt 
e 1°? and e” are both unity still 
and in fact, become even more ac 
The shape of the root loci is dentic 
that shown in Fig. 9. However, tt 
values of K which correspond to poin 
where the loci cross the unit circle var 
with the sampling frequency and 
found to be: 


_ 6.67108 
Shae 


Equation 29 shows that for high enoug 
sampling frequencies (small enoug 
sampling periods) the allowable feedback 
loop gain K increases and is directly p : 
portional to sampling frequency (1 
versely proportional to sampling period 
In the limit as the time between sample 
goes to zero, the allowable K is seen t 
approach infinity. This result is not sm 
prising, since the equivalent continu 19 
reactor control system is stable for a 
positive K. 


Conclusions 


According to the preceding analysis, 
reactor control system consisting of 
sampler, delay, clamper, and a motop 
control rod-drive mechanism certainl 
appears to be stable. Moreover, for 
sampling frequency of 1 ke the allowabl 
feedback-loop gain seems tolerable. 7 
the sampling frequency were increased t 
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ke, or greater, the allowable gain is 
eased substantially and, in fact, be- 
les directly proportional to the sam- 
frequency. In the limit of infinite 
juency (a continuous system) the 
jwable gain approaches infinity. It 
i appear, however, that excessively 
in sampling frequencies are not neces- 
since sampling at the selected fre- 
macy of 1 kc seems more than sufficient 
esult in a stable system. 

Accuracy studies were not made for the 
ibed computations. However, the 
re of digital computation does lend 
Hf to high accuracies. In general, it 
ly be expected that any reactor control 
antities calculated by digital methods 
Id be computed to the same degree of 
acy as the original data. 


The designed reactor control computer 
bears considerably more flexible than 
sently used analog reactor control 
tems. The reference levels and scale 
tors can be changed with considerable 
se, Simply by reading new numbers into 
p reference memory. Also, it would 
possible to change the quantities to be 
culated, if the nature of the substituted 
mputations is such that a presently 
sting computer timing sequence could 
used. The described substitution 
meme adds to the flexibility afforded 
ice it permits additional quantities 
be calculated at variable time lags 
tween individual computations. One 
rious limitation in the flexibility of the 
signed computer does exist, however. 
is is due to the fact that the computer 
special-purpose in nature, and hence 
ssesses nowhere near the wide degree 
flexibility afforded by a general-pur- 
se digital computer, into which almost 
ly sequence of operations can be pro- 
amed and new programs readily sub- 
tuted. 


The designed computer should be as 
liable as any other digital computer of 
ual complexity. Since huge general- 
irpose computers much more involved 
an the designed computer have been 
ilt and operated successfully, a high 
liability would seem possible for the 
signed reactor control system. In the 
tailed design of the system high quality 
mponents (tubes, transistors, diodes, 
>.) would be used in order to minimize 
alfunction. 

The design has not proceeded to the 
int where a meaningful cost estimate 
n be made. It may not be unreason- 
le to assume however, that the cost of 
digital system like the one described 
wild be higher than presently used 
alog systems. It would then have to 
determined whether any increase in 
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cost is justified by increases in flexibility 
and accuracy, 


Appendix |. Variable-Command 


Relations 


The conditions for scRAM are: 


n>Nm 
(1/r)>(1/7)m 
Si>Sim 


The conditions for REVERSE are: 


N>Nr 
(1/7)>(1/r)+ 
See 

Tr> Thr 
Te>Ter 

Eg T yr 
(Ti- Te) >( Ph Te)r 
Pe> Perk 
Ps>Psrh 

o> br 

b> br 

Xe 
L<Ly 

F<F, 
Pe<Pert 
Ps<Psrt 
Tave<Taver 


The conditions for CUTBACK are: 


N>Ne 
(1/r)>(1/r)¢ 
51> 
Tn>The 

Ty> T ye 

Te>T ce 
(Ta—Te)>(Tr—-Te)c 
Pe>Peen 
Ps>Psch 
o>¢e 

P>Pe 

L<E, 

F<F, 
be<Pecl 
Ps<Pset 
Tave<Tavec 


The conditions for EXCHANGE OUT are: 
XSXo 


The conditions for EXCHANGE IN are: 
X<X4 

The conditions for RODS IN are: 
S1> Siret(1+6) 

The conditions for RODS OUT are: 
Si<Siret(1—6) 


The conditions for DECREASING FLOW 
RATE are: 


FSF, 
F>F; and (Ta— Te)<(Ta—- Tc)s 

The conditions for INCREASING FLOW 
RATE are: 


F<F, 
F< Fy and (Tn—Te)>(Tn—Te) 
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Appendix Il. Timing Sequence 
for Calculator Operation 


P64: sample all measurable quantities. 
Pi: read nz to sum, read 7-1 to addend. 
P2: add. 

P3: read wz to divisor (complement), read 
sum to dividend. 

P4; read nz to sum, read nz to Hz-1 (com- 
plement), read 1/7 to addend (com- 
plement digits if negative). 

P5: add. 

P6: read S,; out of sum (complement digits 
if negative). 

P7: read T; to sum, read 7, to addend. 

P8: add. 

PQ: read Ty, out of sum. 


P10: read 7), to sum, read JT; to addend 
(complement). 

Pil: add. 

P12: read (T,—T,) out of sum, read F to. 


multiplicand, read (7;,—T,) to mul-- 
tiplier. 

Odd numbered pulses P13 through P39 are- 
add attempts; even pulses are shift 
multiplier and product. 


P40: read P out of sum, read Strep to 
OSirer. 

P41: read Sires to sum, read dSire¢ to 
addend. 

P42: add. 

P43: read Strep (1+6) out of sum. 

P44: read Stree to sum, read OSire¢ to 
addend (complement). 

P45: add. 

P46: read Strep (1—8) out of sum. 


Appendix Ill. Comparator 
Reference-Level Timing 


Sequence 

Pl: mm 
P2: Mr 
P38: MN 
P4: (1/1r)m 
P5: (1/7)r 
P62 “C/7)e 
Pe Sim 
P8: Sir 
P9: ‘Ste 
Pi0: Siret (1 +6) 
P11: Sjres(1—8) 
PAGE liar 
IPE Bis 
Pl4: Ter 
IP ae lice 
Pl6: Tyr 
Piper ST re 
P18: pern 
P19: Peen 
P20: Pert 
P21: pect 
P22: psrh 
P23: Pscn 
IPA» Psrl 
P25: Pset 
P26: pr 

21: Pe 
P28: X, 
P29: (In—Te)r 
P30: (Tn—Te)e 


P3l: (Th—-Te)s 
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P32: (Ty—T.) 
PSS be 
P34: de 
POS wie 
P3630 ie 
PETE A DG 
P3SsuuXg 
P39; F; 
P40: F, 
Pai: Fy 
(P42 P; 
P43 if FP, 
P44: F, 
Pad: Taver 
P46: Tavee 


Appendix IV. Substituted 


Calculator Timing Sequence 


P6/ 3. read Siref £0).0S iret. 

P7': read Sjrep to suum, tread OSirep to 
addend. 

P8'; add. 

P9': read Sires(1+6) out of sum. 


P10’: read Sjref to sum, read dSjre¢ to 
addend (complement). 

Piles adds ‘ 

P12’: read Sires(1—6) out of sum, read F 
to multiplicand, read (7;,—T;) to 
multiplier, 


Nonlinear Servomechanism of Limited 


Dynamic Range 


R. L. MORUZZI 


ASSOCIATE MEMBER AIEE 


1 METHODS of analysis and syn- 
thesis of linear feedback control sys- 
tems have now reached such a state of 
perfection that the design of a system to 
meet any set of performance specifica- 
tions should be a fairly simple matter. 
Unfortunately no practical system can 
ever be completely linear, and therefore 
the theory developed for linear systems 
applies only approximately to practical 
systems. 

A particular type of nonlinearity fre- 
quency encountered is dead band. A de- 
vice having dead band will not respond 
to signals that are smaller than a certain 
threshold level. In mechanical systems, 
dead band is often caused by coulomb or 
dry friction. Another commonly en- 
countered type of nonlinearity is satura- 
tion. Since no physically realizable 
component can deliver infinite output, 
all practical systems saturate. A device 
having both dead band and saturation 
may be thought of as having a limited 
dynamic range; that is, it responds in an 
approximately linear fashion only to 
signals large enough to exceed the dead- 
band threshold, but not so large as to 
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F. B. TUTEUR 


NONMEMBER AIEE 


cause saturation. The dynamic range 
may, in fact, be defined as the ratio of 
saturation level to dead-band level. For 
maximum performance of a feedback 
control system, the servomotor or other 
power element should have as large a 
dynamic range as possible. On the other 
hand, the cost of a motor generally in- 
creases with dynamic range, particularly 
if an effort is made to increase the dynamic 
range to its ultimate limit. Thus, to 
keep the cost of a system within reason a 
motor with limited dynamic range must 
be employed. Limited dynamic range 
of one or more elements of a feedback 
control system generally affects the rela- 
tive stability of the system, and it may, 
in fact, cause actual instability. The 
static accuracy of such a system also has 
a definite upper limit. In addition, sys- 
tems of this type generally exhibit a 
cut-off frequency. That is, for all fre- 
quencies above a given critical frequency 
the system fails to respond irrespective of 
the magnitude of the input signal. 

A common unit having limited dynamic 
range is the combination of a saturating 
power amplifier and a d-c motor having 
stiction or static friction and coulomb 
friction. Such a system is investigated 
in this paper. The system block diagram 
is shown in Fig. 1. 

Since the paper deals with a system 
having more than one nonlinear element 
the describing function method of analysis 
offers the most flexible approach for the 
solution of the problem. The procedure 
will be to combine the describing func- 
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tions of the individual nonlinearities in 
one composite describing function. TE 
composite describing function can | 
arranged such that the remaining lin 
function is the transfer ratio of tt 
actual linear system. In general, fh 
composite describing function will be bot 
amplitude- and frequency-sensitive. — 

The saturating nonlinearity of 
power amplifier is shown in Fig. 
and has the describing function H, ind 
cated by equation 1. 


2 Es . Eg Es; \? 
=— ini — — — i — 
i, | sin Bey (2) 


for E>E;,. T 

Fig. 2(A) also gives a plot of Ay 
yH, versus y for the saturating nonli 
earity. 

The stiction and coulomb friction nox 
linearity is shown in Fig. 3. Tou?1 
evaluated a describing function rel 
effective torque to applied torque 
stiction and coulomb friction and hi 
results will be used for this nonlineari 

The describing equations for sti 
and coulomb friction are: 


6=O0+ Ta=Ts 

6>0 Ta=Te+J6 
6=0—- Ta=—Tyr 
6<0 Ta=—Te+J6 


T, is a positive number and Ty is — 
variable which always exactly ma 
Tz until T, exceeds some definite 
Ts. The effective torque can be de 
as 


Te=Ta—Ty 


Rq la 


SATURATING LD 1 
POWER Constant @ | 
Field Sond 
AMPLIFIER 


Motor — 
Selsyn 


Fig. 1. System block diagram 
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rig. 2. (A) Describing function for saturation plot of Hi and +H,, 
and (B) saturation nonlinearity 


The stiction and coulomb friction describ- 
ng function is defined as follows: 


=H= F(A) /5(4); A=Te/Ta 


where F(\) =the magnitude portion of the 
describing function and 6(\)=the phase 
angle portion of the describing function. 
Fig. 3 gives a plot of —A for T;/T, be- 
ween 1 and 10. 

A set of differential equations can be 
written which describes the operation to 
the selected system. The following equa- 
tions are given in their Laplace trans- 
form form with s=7w and all initial condi- 
tions set to zero. In addition, the de- 
scribing functions H; and H are used for 
the respective saturation and friction non- 
linearities. 


Eq( jo) /Es(jeo) = KH (6) 
Ey(jw) — Vin(jo) = Rala(jw)+Lawjla(jw) (7) 
Ktla(jo) = Ta'(jw) (8) 
Ta’ (jw) — Tojo) = Ta(jw) (9) 
Tojo) H=Teljw) (10) 
Te jo) = Sjob(jo) (11) 
Vinjo) = K O(jo) (12) 
Ty = BO( joo) (13) » 


Equations 6 through 13 may be repre- 
sented by the block diagram shown in 
Fig. 4. 

Evaluation of a system containing a 
motor unit represented by Fig. 4 is usually 
accomplished by breaking the loop at the 
T.(jw) point.1 In this manner, the stic- 
tion and coulomb friction describing func- 
tion H can beisolated. Breaking the loop 
at T,(jw), however, makes it awkward to in- 
vestigate various forms of series equaliza- 
tion, feedback equalization, or a combina- 
tion of the two. Also, the presence of a 
second nonlinearity further complicates 
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the procedure. To overcome this diffi- 
culty, the block diagram of Fig. 4 may be 
reduced to the form of Fig. 5. Rearrang- 
ing the block diagram and simplifying 
the results is permissible since the 
analysis will ultimately be conducted for 
a point-by-point evaluation of fixed 
amplitude and frequency, thus rendering 
the system linear at the given point of 
investigation. 

In Fig. 5, the block K H; represents 
the saturating amplifier, Ho’(jw) contains 
the friction nonlinearity, and G(jw) in 
the linear transfer function of the d-c 
motor. Ho’(jw) and G(jw) can be derived 
from equations 6 through 13 and may be 
expressed in the form: 


ee l+aTyjw 
mage ~n( tetas) 
1+(1/a)(Trjo+1)(aTyjw+1) 
1+aTyjw ‘ : 
Framer neha CEE aa 
(14) 
G(s) - (15) 


Tal fat tT fot eke ks 


where 


Fig. 3. (A) Describing function for friction, and (B) friction nonlinearity 


JRa 


Bs = 
oe Ree 


T; =La/Ra 
a=K,yKi/BRa 


(16) 


The composite describing function then 
becomes 


Hy = Hy Ho'(jw) (17) 


Although by equation 14 Hy’(jw) is a 
complicated function of both amplitude 
and frequency, it can be simplified in 
many practical cases. For instance, if 
a is very large and 7, is small compared 
to T;, Ho'(jw) can be simplified to 


14Tyjw 


Ay'(jo)~H 
0'(jeo) ALD 


(18) 

It can be shown that for a>10 and 
T,<0.1 Ty, this approximate expression 
for Ho'(jw) results in describing functions 
that are practically identical with those 
obtained from the exact expression. It 
should also be noted that coulomb fric- 
tion is considered separately in this anal- 
ysis, and that B, therefore represents only 
the linear component of friction. In most 


Fig. 4. Block diagram of saturating power amplifier and d-c motor having stiction and cou- 
lomb friction 


Fig. 5 (right). Modified block 
diagram 
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Fig. 6. Plot of Hy for a> and T./To=1 


motors, one would expect B to be very 
small, and, therefore, a to be very 
large. Thus equation 18 may be ex- 
pected to hold in most practical situa- 
tions. 

A plot of equation 18 for the case of 
sliding friction only (7;/T,=1) is shown 
in Fig. 6. For 7T,/T.>1, part of the 
— Hp’ (jw) locus in the vicinity of the origin 
disappears. This can be deduced qualita- 
tively by inspection of Fig. 3(A) and 
equation 18. Otherwise the loci for T,/ 
T.>1 are similar in form to those shown 
in Fig. 6. 


Effect of Saturation on H,’ 


Having evaluated H’(jw) one may now 
combine H; and Ho’(jw) to form Ho(jw) = 
Ho’ (jw), where H, is anamplitudereduc- 
tion term having no phase shift. For a 
given operating point, the phase angle of 
Fip(jw) is the same as that of Hy'(jw). The 
output of the saturating power amplifier 
may be expressed by: 


Ey/E=H, 


Ey = EH, = Es[E/Es) Hi =EsyHi (19) 
A plot of H; and yH; versus ¥ is given in 
Fig. 2(A). 

To establish the operating points of 
or T/T .on Ho(jw), make use of the follow- 
ing development. 

Referring to Fig. 4, 


Tq’ (Go) = Tajo) |HB/Jjo)+Ta(jo) 


=T,(jw)(HB/Jjo+1} (20) 
rT Ga) Tetanare 
tb eg Fae E yc. Jjw ea) 
Trjo+1 


Substituting equation 20 into 21 and 
letting 


T=aT;; Ty =JRa/KiKo (22) 
Ey jw) = Te(jo)H(Ra/K1){(1/H+1/eX 
Tujo)(Tjw+1)+1/Tyjw) (23) 


Let Y=E;K1/RaT,=dynamic range; and 
reducing equation 22 


Fo(jo) _ Tal jw) al ‘Treas 
Es To bLaTy aTyjw 


1 
Ti+) | =yH, (23) 


The maximum value of the output of 


Fig. 8 (left), 


DESCRIBING 
FUNCTION 


ENVELOPE 


AXIS 
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Fig. 9 (right), Bode dia- 
gram of a system with a 
simple equalizing network 


=05 a= 0) 
AXIS 


Fig. 7. Composite saturation and friction describing function Hy , 


y=5 and T./T:=1 


the saturating amplifier is (4/x) E; (ie, 
the fundamental component of a rectal 
gular wave). Thus, H, ranges from 1 t 

4/7 for operation in the saturating region 
In this region of operation, a given T,/T. 
establishes a value of H, and for different 
frequencies, various values of Ho'(jw) are 
established from equation 18, or plot of 
equation 18. Thus, for consistent values 
of T,/T:, H, andw, it is possible to determine 
Ay’ (jw) and evaulate equation 23. Know- 
ing yH, from equation 23, one may then 
establish the separate values of y and 7, 
from Fig. 2, thereby allowirig the calcula- 
tion of F1o(jw) = Hg’ (jo). Note t lat 
Hy(jw) may be specified in terms of y o1 
its equivalent T,/T,. Fig. 7 illustrates 
the effect. of a dynamic range of five (y=5) 
on the — Hy(jw) locus for coulomb frictiot 

The effect of decreasing the dynami 

range is to eliminate part of the —Hp(ja) 
locus in the vicinity of the —1 point. 


Cut-off Frequency 


The conditions for cut-off are T,/T, | 
T;/T.; H=0 and Eo(jw)/E,=4/x. The 


Describing 
function envelope 
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1000 


g. 10. System with minor loop equalization 


—Block diagram 
—Bode diagram (values of Au and Ac given 
in Fig. 13) 


rst two conditions satisfy the require- 
ent that the system has no output, while 
xe last fulfills the condition that the 
ystem fails to respond irrespective of the 
ze of the input signal. Substituting 
he preceding cut-off conditions into 
quation 23 and setting jw=jwo where wo 
; the cut-off frequency, one obtains: 


/x=(Ts/TeM1/¥) | (Trjeo+)| (24) 
\ssume that at cut-off, Txw>>1. Also, 
et w,-=1/T;. Then, 

[me ~(Ts/Te)(1/)(oo/er) (25) 
9 = (4/x)(Te/ Ts) por (26) 
Conclusions 


The nonlinear portion of a servo- 
nechanism of limited dynamic range may 
ye arranged such that the remaining linear 
function is the transfer ratio of the 
actual linear system. The simplified 
form of equation 18 may be employed for 
the case of a saturating power amplifier 
and d-c motor having static and coulomb 
friction with «= 10 and T, 0.1 Ie SRO 
describing function envelope, Fig. 8, 
or boundary curve which encompasses all 
describing functions for Ts/T< between 1 
and 10 may be used as a rather conserva- 
tive, but simple stability criterion. The 
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| A(jeo) | 


Fig. 11. Bode diagram with stepped series 


equalizer 


following results are developed in detail 
in Appendix I. 


1. Stability. The system is stable if for 
monotonically increasing |A~jw)| the 
phase angle for all frequencies for which 
| A-(jw)| <1 is less than 160 degrees. 


2. Effect of Series Equalizer. A series 
equalizer which has a Bode diagram of the 
form of Fig. 9 has a maximum permissible 
length of —2 slope of w2/w; $32.8. 


3. Minor Loop Equalization. Insofar as 
minor stability is concerned, the criterion 
for the nonlinear system is the same as for 
the linear system (Fig. 10). 


4. Static Error. In general, for a system 
having a Bode diagram of Fig. 9, the 
velocity error constant py can be expressed 
aS pp=w,(we/o). Hence, the minimum 
value of static error is Error = 6max/33wc¥. 
The velocity error constant p, can be in- 
creased beyond the value of 33, if a more 
complex series network is used (Fig. 11), 
or if a combination of minor loop and 
series equalizing network is used. Fig. 12 
illustrates a Nyquist diagram of a typical 
system. 


5. Relative Stability. The typical be- 


-| 
A (jw) 


/ IMPORTANT 
FREQUENCY 
REGION 


Fig. 12. Nyquist diagram of a typical system 


havior of both wm and |Mm(jw)| is shown 
in Fig. 13. 

6. System Cut-off Frequency. Insofar 
as stability is concerned, a system of limited 
dynamic range may be designed by con- 
ventional methods applicable to linear 
systems without any regard having to be 
paid to the cut-off frequency. ; 


Appendix | 


Analysis of Performance 


Having established the —Hp(jw) locus 
for the combined nonlinearities of stiction, 
friction, and saturation, it is now possible 
to investigate the performance of a servo- 
mechanism employing an output element of 
limited dynamic range. 


Stability 


Although quantitative statements com- 
cerning relative stability and system fre- 
quency response require point-by-point 
computations and can therefore. be made 
only on the basis of specific values of A(jw) 
and —H)(jw), it is possible on the basis of 


ja) 
500 ( ina t 1) 


SS 


Ages : 
JG) JI@_ i 
( + egg + NY 


12.4 


Fig. 13. Plot of 
| Mmax | and wm for 
a system using series 
equalization (Mn, 
and wm,) and for a 
system using minor 
loop equalization 
(Mim, and wm.) 
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the general shape of the describing functions 
and of A(jw) tomakea number of qualitative 
deductions concerning the frequency re- 
sponse and relative stability. 

First, the stability and the effect of 
various stabilizing networks are considered. 
As has been pointed out before, the de- 
scribing functions for different values of 
T/T; are all quite similar in form. It is, 
therefore, possible to construct a boundary 
curve surrounding all the describing func- 
tions. Fig. 8 shows such a boundary curve 
which encompasses all describing functions 
for T;/T, between 1 and 10. The de- 
scribing functions for T;/T;>10 differ by 
only a negligible amount for those for which 
T;/T;=10, so that the boundary of Fig. 8 
essentially includes all describing functions. 
This boundary curve is referred to as the 
describing function envelope (dfe), and it 
may be used as a rather conservative, but 
simple stability criterion. 

In conventional _describing-function 
theory, a system is stable only if the Nyquist 
diagram of the linear portion does not inter- 
sect the describing function. In the present 
system, there is an infinity of describing 
functions but they are all inside the dfe. 
Hence a system is certainly stable if the 
Nyquist diagram does not enter the inside 
of the dfe. 

The criterion is conservative because 
intersection of the Nyquist diagram with 
the envelope does not necessarily mean 
that the system will be unstable. This is 
due both to the frequency dependence of 
the describing functions and the fact that 
for specific values of T;/T;, the describing 
functions for all frequencies may be far 
away from the envelope. The criterion is, 
however, desirable not only because of its 
simplicity, but also because in most prac- 
tical cases the exact value of T 3/Le¢ is 
unknown and may even change during 
operation. 

As is shown in Fig. 8, a tangent drawn 
from the origin to the dfe makes an angle 
of 160 degrees with the positive real axis. 
The Nyquist diagram, therefore, does not 
enter the dfe if the phase angle of the 
inverse loop gain function never exceeds 
160 degrees. Thus, the simplified stability 
criterion may be phrased as follows: The 
system under study is stable if for mono- 
tonically increasing |A-(jw)| the phase 
angle for all frequencies for which 
|A-\(jo)| <1 is less than 160 degrees. 

In applying this criterion it should be 
noted that for a given 7;/T,, the describing 
functions in the second quadrant are those 
for the low frequencies, while those for the 
higher frequencies are in the third quadrant. 
This can be seen in Figs. 6 and 7. Hence 
a system in which the crossover frequency 

is relatively high is generally stable even 
if the Nyquist diagram enters the dfe. 


The Effect of a Series Equalizing 
Networks 


The use of a simple series stabilizing 
network results in a Bode diagram of the 
form shown in Fig. 9. The —2 slope for 
frequencies below crossover may produce a 
phase lag exceeding 160 degrees, thus 
making an intersection with the dfe possible. 
The maximum length of the —2 slope for 
which the greatest phase lag does not 
exceed 160 degrees is easily computed by 
the standard techniques.4 Assume, for 
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the sake of simplicity, that the portion of 
the Bode diagram to the right of crossover 
continues along a —1 slope. Then for 
a maximum phase lag of 160 degrees at a 
frequency between w; and ws, the result is: 


=? <32.8 (27) 


OO} 
Minor Loop Equalization 


Fig. 10(A) shows the system employing 
minor loop equalization and Fig. 10(B) is 
the representative Bode diagram. 

Fig. 10(B) defines: 


A,(jw)=linear uncorrected major loop gain 
= Go(7w)G(jwo)(1/jo) 

A,(jw)=linear corrected system loop gain 
an Axu(jw)/1 +Am(jw) 

Am(jw)=linear minor loop gain = G(jw)H(jw) 


The transfer function of the part of the 
loop bridged by the minor loop is 


«(jw)/y(jo) = WyG(jw)/ [1+ HoG(jo)H(jo)] 
= MG(jw)/[1+HoAm(jw)] (28) 
For | HoAm( jo) | >1,«(jo)/9 jo) ~1/H (je), 
and 


. Gol jw) 
Sa) 


Minor loop stability is determined from 
equation 30. 


1+FoAm(jw) =0—Hy=Am (jw) 


(29) 


(30) 


In general, the phase angle of Am~\ jw) at 
low frequencies starts with —90 degrees, 
goes to 0 degrees, +90 degrees and ap- 
proaches 180 degrees of phase angle. In 
respect to the —H, locus (dfe), it is only 
the 180-degree phase angle region that 
presents possible difficulty. Fortunately, 
this region represents the high-frequency 
portion of the Nyquist diagram. As has 
been previously pointed out, the describing 
functions for high frequencies are in the 
third quadrant. Hence, the minor loop 
will generally be stable even though the 
Nyquist diagram of the minor loop does 
enter into the dfe. In general, it is safe 
to say that insofar as minor-loop stability 
is concerned, the criterion for the nonlinear 
system is the same as for the linear system 
and the —H term will not cause any 
difficulty. It may, in fact, improve the 
stability of the minor loop. 

Next one needs to investigate the condi- 
tion where the minor loop is not in control 
or |(Am(jo)|<1. In this region it is 
necessary that the phase lag, due to the 
uncorrected loop gain A,/( je) below a, in 
Fig. 10(B), be less than 160 degrees, to 
prevent possible intersection with the dfe. 

This emphasizes the condition that 
best equalization is accomplished by the 
use of a minor loop. The amount of 
minor loop equalization is restricted by the 
linear stability requirements of the minor 
loop, and the condition that A.(jw) must 
introduce less than 160 degrees of phase 
lag below aw;. If required, a series equalizer 
may be used in conjunction with a minor 
loop provided the preceding requirements 
are fulfilled. 


Static Error 


A simple position-control System of the 
type considered here exhibits a position 
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i 1 
/ 


/ 
error when a fixed torque is applied te 
output of the motor, If there is fr 
such a torque is produced by the fr 
The maximum error is then given by 


Tig Rey ; 
bMrK 1K y s 


Error = 


where 7; is the maximum static fric 
torque and wy is the velocity error co 
of the system. (For a _ derivati 
equation 31, see chapter 9 of referen 
This expression may be converted 
form in which the dynamic range y a 
explicitly. To this end it is noted 
Emin=TsRa/K; is the minimum v 
applied to the motor armature tha 
cause rotation. Also, if @may is the r 
mum output velocity, then E,..~= 
is the maximum armature voltage, 
static error may, therefore, be writt 


=Amax Emin Oma 
Mow 


where ¥=Emax/Emin is the dynamic rai 
defined previously. It is clear, theref 
that for a given motor for which f 
Omax and y are fixed, the static e 
can be reduced only by increasing 
In general, for a system having the Bo 
diagram of Fig. 9, uy can be expressed 
terms of the crossover frequency and ¢ 
break frequencies by: 


Error = 
Mo Wi rrrae 


2 
Hv = We — 

1 
Also, for a system with friction, it w 
shown previously in this paper that 
maximum value of we/w; for which 
system is certain to be stable is 33. Hen 
that the minimum value of the static e ‘or 


Omax 


Error = 
BW 


for most systems using d-c motors, w,< 
radians per second. Hence, a practi 
lower limit for the static error is on t 
order of 6/2000y. | 

The velocity error constant py can 
increased beyond the value of 83a, if 
more complex series network js : 
Fig. 11 shows the Bode diagram of a sys 
with a series equalizer designed to pr 
a stepped —2 slope in |A(jw)|: By 
means it is obviously possible to incr 
the gain indefinitely without exceeding 
critical 160-degree phase lag. Howe 
aside from the fact that a network 
produce this Bode diagram might be re 
atively complicated, it also might resul 
in a rather poor transient response y 
very long settling time. 

Another way to improve static accurz 
is to use minor loop stabilization, or : 
combination of a minor loop and a sin 
series equalizing network. The impr 
ment cannot, however, be indefinii 
continued without encountering the d 1 
culty of minor loop stabilization and larg 
time constant required by the serie: 
equalizer, 


Relative Stability 


On the basis of the general shape of the 
describing functions and of A(jw), it i 
possible to make a number of qualitative 
statements concerning the over-all syst 


) 
i 
t 
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uency response (M) and _ relative 
lity. Relative stability may be defined 
erms of Mmax, and becomes poorer as 
x increases. 

he system, considered as a linear system, 
Id be designed with adequate phase 
gin. Also, good design usually requires 
the phase margin is a maximum near 
crossover frequency. Therefore, the 
e for A~(jw) will intersect the unit 
le on an approximately radial line and 
ill otherwise have the form shown in 
212. 

he general shape of the describing 
ctions is shown in Fig. 7. It should be 
ed that the describing functions for low 
uencies are in the second quadrant 
ile the ones for the higher frequencies 
in the third quadrant. Therefore, 
low-frequency describing functions are 
sest tothe A~\(jw) curve. Also, it should 
noted that as y increases from zero, the 
gnitude of —H) first increases and then 
eases again. Thus, for very small or 
ry large y, the operating point of the 
scribing functions is near the origin, 
ile for y near unity, the operating point 
near —1+ 0. 

The over-all frequency response for the 
vosystem is given by the well-known 
rmula: 


iw) = A(jw) How, 7) 
JO) 1 +-A(jo) Holo, 7) 


— 


a Ayo, 7) 
A (jw) +F(w, Y) 


‘Both the numerator and denominator of 
ais expression can be obtained from the 
fyquist diagram and describing functions 
s shown in Fig. 12. The resonant fre- 
uency of the system, defined as the fre- 
uency for which | M(jw)| =| Mmax( jw)| is 
pproximately the frequency for which the 
enominator is a minimum; i.e., the fre- 
uency where the separation between 
{-(jo) and Ho(w, y) is a minimum. It 
hould be clear, therefore, that since 
How, v)|<1 for y very small or very 
arge the resonant frequency will be a 
yoint on A-(jw) near the origin; ie., a 
elatively low frequency. On the other 
and, for y~1 so that |Ho(w, y)| ~1, the 
esonant frequency will be near the cross- 
wer frequency of A~(jw), where the 
‘ross-over frequency ww, is defined by 
|A(jw.)|=1. Thus, one expects the 
esonant frequency to be low for small 
mput amplitudes, to increase to a value 
aear w, for inputs such that y 1, and then 
to decrease again. 

For low frequencies, corresponding points 
on A-(jw) and on the describing function 
loci tend to be close together, since the low- 
frequency describing functions are mostly 
in the second quadrant. The low resonant 
frequencies associated with very large or 
very small values of y will also tend to 
produce relatively large values of Mmax(jw)- 
Hence, one expects Miax( jw) to be large 
for small y, to decrease to a minimum 
near y=1, and then to increase again. 

The typical behavior of both wm and 
|Mmax(jo)| is shown in Fig. 13, which 
shows curves computed for a particular 
system. : Vy 
Also shown in Fig. 13, for comparison, 1s 
the range of |Mmax(jo)| and om for the 
system stabilized by a minor loop rather 
than by a series network. It is clear from 
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the figure that the variations of Myax(jw) 
and wm, as a function of input amplitude 
are much less when a minor loop is used. 
This is due to the fact that for the fre- 
quency range in which the minor-loop 
gain is greater than unity, the transfer 
function from x to y, Fig. 10(A), is approxi- 
mately equal to the reciprocal of the 
transfer function of the feedback path, 
which consists of passive, linear elements. 
The nonlinearities of the system are there- 
fore approximately masked by the minor 
loop, and the over-all system behaves 
approximately like a linear system; i.e., 
it exhibits constant M,,.(jw) and om. 
For very small input amplitudes, the 
reduction in gain caused by the nonlinear 
friction will eventually also reduce the 
minor-loop gain to the point where the 
effectiveness of the minor loop is reduced. 
A similar effect is noted for very large 
inputs, where saturation reduces the gain. 
With both extremes, the system again 
begins to exhibit a somewhat nonlinear 
response, 


System Cut-off Frequency 


The cut-off frequency is defined by 
equation 26 and Fig. 7 illustrates the effect 
of decreasing the dynamic range y on the 
—Hy locus. Even with low values of y, 
it is possible to have a high cut-off fre- 
quency, since this frequency depends on 7. 

An important question arising in con- 
nection with the cut-off frequency is 
whether this frequency must be considered 
in the design of the feedback loop? That 
is, if instead of the nonlinear cut-off that 
is considered here, a similar effect were 
produced by a linear filter with a sharp 
cut-off characteristic, would it be accom- 
panied by a very large amount of phase 
lag at frequencies below the cut-off value? 
This phase lag would make it difficult to 
obtain an adequate phase margin at the 
cross-over frequency unless the cross-over 
frequency were well below the cut-off point. 
However, it will be noted that the nonlinear 
cut-off phenomenon is only superficially 
similar to the linear cut-off filter because 
there is no large phase lag associated with 
it. This can best be appreciated by inspec- 
tion of the Hp loci of Fig. 7. This figure 
shows that all of the loci are in the second 
and third quadrant, with higher frequency 
loci generally in the third quadrant. A 
feedback system designed on the usual 
linear basis with the usually acceptable 
phase of about 50 degrees will have a 
Nyquist diagram for the linear part of the 
loop as shown in Fig. 12. This diagram 
represents a stable system quite irrespective 
of whether the cross-over frequency is 
near the cut-off frequency or not. In 
fact, from the point of view of system 
stability there is no reason why the cross- 
over frequency, for the linear part of the 
system, cannot be higher than the cut-off 
frequency. 

Thus one reaches the important practical 
result that as far as stability is concerned, 
a system of linear dynamic range may be 
designed by conventional methods appli- 
cable to linear systems without any regard 
having to be paid to the cut-off frequency. 

On the other hand, if the over-all per- 
formance of the system is considered, it is 
clear that the cut-off frequency must be 
taken into account. By definition, the 
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system does not respond to frequencies 
above the cut-off value. Therefore, if the 
cut-off frequency is less than the cross- 
over frequency, the system pass band will 
be limited by the cut-off frequency. The 
M curve will have to be zero for frequencies 
above this value; hence the resonant 
frequency must be less than the cut-off 
frequency. Also because of the relation- 
ship between the frequency response and 
transient response, the transient response 
will reflect the cut-off frequency rather 
than the cross-over frequency. In par- 
ticular, the rise time is greater for the 
system with the cut-off frequency than for 
the linear system. 

If the cut-off frequency is higher than the 
cross-over frequency, its effect on system 
performance diminishes. This can be 
appreciated by reference to Fig. 12. As 
has been previously pointed out, the 
resonant frequency of the system for a 
given input amplitude is approximately the 
frequency where the separation between 
A(jw) and How, y) is a minimum. For 
a system having the Nyquist diagram of 
Fig. 12, the resonant frequency is always 
less than the cross-over frequency. Hence, 
if the cut-off frequency is high with respect 
to the cross-over frequency, its effect on the 
resonant frequency is negligible. By im- 
plication, its effect on other performance 
criteria will also be negligible. 

A rather extensive analog-computer study 
has been made on the type of system dis- 
cussed in this paper.’ This study has con- 
firmed the conclusions reached in this 
analysis. 


Appendix Il. Nomenclature 


T,=torque applied to the stiction friction 
unit 

T,=coulomb friction torque 

T,=static or stiction torque 

T =total friction torque opposing motion 

T.=effective motor torque (T¢= Tay) 

H=static and coulomb friction describing 
function 

H,=saturation describing function 

H)' =modified stiction friction describing 
function 

Hy) =composite describing function (HiHo’) 

E=input to saturating amplifier 

E,=saturating value of input signal 

E)=output of saturating amplifier 

y=E/Es 

@=motor angular position 

6=motor angular velocity 

Vm=motor back electromotive force 

R,=motor armature resistance 

I,=motor armature current 

Lqg=motor armature inductance 

T,=La/Ra1/T; =r 

K,=motor torque constant 

K,=motor voltage constant 

J=combined inertia of rotating elements 
referred to rotor 

B=coefficient of viscous friction for motor 

T=J/B=aTys 

he thes Rh if K Bee t 

a=K,K>/RaB 

y =dynamic range 

py=system static gain 

w.=cross-over frequency 

wo=cut-off frequency 

A=linear loop gain 

A,=linear uncorrected loop gain 

A,=linear corrected loop gain 


319 


Am=linear minor loop gain ; 

Mm=maximum value of harmonic response 

®m=frequency at which Mj, occurs 

S=Laplace operator=jw for harmonic 
analysis 

S=Laplace operator 

Go=general transfer function 


References 


1. Covtoms anp Static Friction IN SERVO- 
MECHANISMS, J. Tou. Ph.D. Thesis, Yale Uni- 
versity, New Haven, Conn., 1953. 


Discussion 


J. E. Gibson and E. S. McVey (Purdue Uni- 
versity, Lafayette, Ind.): The authors are 
to be complimented for their analytical 
treatment of a difficult problem which is of 
theoretical and practical interest. How- 
ever, there are a few points that should be 
called to the authors’ attention. The au- 
thors are obviously aware that the expres- 
sions for the describing function are valid 
only under sinusoidal conditions. The use 
of s instead of jw in these equations might 
make the unwary reader think that the in- 
verse Laplace transform can be taken to ob- 
tain the time response. Along the same 


2. STATIC AND SLIDING FRICTION IN FEEDBACK 
Systems, J. Tou, P. M. Schultheiss. Journal of 
Applied Physics, New York, N. Y., vol. 24, no. 9, 
Sept. 1953, pp. 1210-17. 

3. NONLINEAR SERVOMECHANISMS OF LIMITED 
Dynamic Rance, L. Moruzzi. Ph.D. Thesis, 
Yale University, 1959. 


4. INTRODUCTION TO THE DESIGN OF SERVO- 
MECHANISMs (book), J. L. Bower, P. M. Schultheiss. 
John Wiley & Sons, Inc., New York, N. Y., 1958, 
chap. 3. 


5. A FREQUENCY RESPONSE METHOD FOR ANALYZ- 


o 


line, equation 28 should be called a ‘‘quasi- 
linear” or “‘linearized’”’ transfer function or 
should be qualified in some manner lest a 
reader treat it as a linear transfer function. 
The reader should be reminded that the 
equation for M(jw) must be used with care 
although it is a well known equation. An 
excellent paper was written by Levinson! 
concerning the frequency response of non- 
linear systems which bears out this state- 
ment. 


REFERENCE 


1. Some SaTurRAaTION PHENOMENA IN SERVO- 
MECHANISMS WITH EMPHASIS ON THE TACHOMETER 
STABILIZED System, E. Levinson. AIEEE Trans- 


ING AND SYNTHESIZING CONTACTOR SERVOME 
nisms, Ralph J. Kochenburger. AITEE Transactio 
vol. 69, pt. I, 1950, pp. 270-84. 


6. Limitinc 1n FrEpDBACK ContTROL Systz 
Ralph J. Kochenburger. Ibid., pt. II (Applica 
and Industry), vol. 72, July 1953, pp. 180-94. 


7. SrInusomaL ANALysIs oF FEEDBACK-Conj 
Systems CONTAINING NONLINEAR ELEME 
E. Calvin Johnson. Ibid., vol. 71, July 1952, p 
169-81. . 


8. CouLoms Friction IN FEEDBACK Contr 
Systems, Vinton B, Haas, Jr. Ibid., vol. 72, ] 
1953, pp. 119-26. 


actions, pt. II (Applications and Industry), vol. 7 
Mar. 1953, pp. 1-9, | 


R. L. Moruzzi and F. B. Tuteur: We wo 
like to express our appreciation for 
comments made by Messrs. Gibson anc 
McVey which are quite pertinent since : 
unwary reader may not keep in mind t 

for the harmonic response function # 
Laplace operator s is equal to jw, and t 
it is not correct to attempt to obtain the 
tem time function by applying the inverts: 
Laplace transform to a quasilinear ae 
of the form discussed in this paper. It i 
noted, however, that the paper as it ap 
pears here has been corrected to eliminat 
this possible difficulty. 


A Modified Posicast Method of Control 
With Applications to Higher- 
Order Systems 


H. C. SO 


STUDENT MEMBER AIEE 


Synopsis: The theory of Posicast control,1~3 
by using a delayed step or steps, permits 
deadbeat step response from a very lightly 
damped system. The original develop- 
ment deals primarily with second-order 
systems, proposes a delay line technique 
for application of the second step, notes 
that use of this technique leaves the basic 
system underdamped, then proposes use 
of the delay line in a feedback path to damp 
load disturbances, and finally proposes 
the use of a tapped delay line for higher- 
order systems. 

It has also been proposed‘ that a delayed 
step may be applied to a linear under- 
damped system of any order by using a 
switch operated on a constant time delay 
basis. The delay time and step magni- 
tudes are determined experimentally. The 
resulting response is not deadbeat but 
retains most of the advantages of Posicast 
control. 

The delay line techniques have dis- 
advantages when applied to relatively slow 
control systems, and the timer proposal 
makes no provision to damp load dis- 
turbances. This paper proposes two basic 
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- techniques, 


G. J. THALER 
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modifications to the Posicast scheme. 
The first is that the switching operation 
which introduces the delayed step also 
introduce compensation circuits which Over- 
damp the system without decreasing: the 
static gain. These circuits do not affect 
the step response, but provide damping for 
load disturbances and noise without chang- 


ing the stiffness of the system. The second ~ 


is the application of the technique to higher- 
order systems with provision for handling 
the boundary condition problems at the 
switching instant by dissipating or counter- 
acting the stored energy in the pertinent 
components. The basic theory, special 
including a phase space 
approach, and computer studies are de- 
tailed in the text, plus studies of an actual 
positioning servo with experimentally de- 
termined fourth-order transfer function. 


we ee = 


Theory of Second-Order Systems 


This theory has been adequately 
covered in the literature and is only 
summarized here. Given a second-order 
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underdamped system with transfer func 

tion 7 
K 

s(s+Pp) 


the system function is 


6 K K 
(s)= = : : 
OR Sstp)+K (sta—jwc)(statja, 


( 


z= 


Sra 


and the transient response to a s 
input, Au(Z), is 


€ “sin (wet—¢) 
We z 


aOn= V 0? ee? 


wnA Fe 
e 27 /ee sin ¢4=aA 
We | 


From this it follows that if the mag: 


9(Tp)=A te 


at t=T, 
9e(T'p)=1.0 (for A=1/a) (5) 
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.1. Typical transient response of second- 
order system with Posicast control 


tis apparent that at ‘=T>, 0.=1 and 
0, if a step 6,=(1/a)u(t) is applied 


mal E=6,—0,=(1/a)—1, but if this 
removed by changing ér from 1/a to 
) at instant +=7>, then the system is 
standstill at the desired position, 
ere is no error signal to actuate the 
stem, and (for the second-order system) 
» stored energy to disturb the equilib- 
um. The transient response is there- 
re as shown in Fig. 1. 
The basic system is still underdamped 
id will oscillate if subjected to a load 
sturbance or noise. Since all boundary 
mditions are zero at the switching 
stant, compensation may be introduced 
ithout disturbing the system, and there 
no boundary value problem. Fig. 
‘A) shows a scheme for introducing a 
iscade compensator, in which case 
vitching may be accomplished with a 
mer, and Fig. 2(B) shows a scheme for 
troducing tachometer feedback, in 
hich case the 6, signal is available and 
ay be used to actuate the switch when 
=0. Note that high static gain is 
adily maintained. 


heory for Third-Order Systems 


This discussion applies only to the 
ise in which the transfer function poles 
e real. When complex poles exist, the 
asic theory is valid but the design of a 
iscade compensator is necessarily differ- 
it. Consider a system with open-loop 
ansfer function 


a (6) 
s(s+a)(s+8) 


here K is large and the system is poorly 
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t=0. There still remains an error | 


control. 


Fig. 2. Cascade and feedback compensation schemes for second-order system with Posicast 
A—Cascade compensator. 


B—Feedback compensator 


Fig. 3. Circuit for third-order servo: G=K/ [s(st-a)(s+)]. Series compensation: A— 
Acceleration boundary condition short-circuited out; B—Stored energy canceled by applied 
pulse 


damped or unstable. To apply Posicast 
control, the peak time and peak overshoot 
may be computed and the step sub- 
divided so that the system reaches corre- 
spondence at exactly the peak of the 
first overshoot. Assuming that K is 
set to place the complex roots on the 
imaginary axis, the characteristic equa- 
tion is 
s?+(a+6)s?+os+K=0 (7) 
Applying Routh’s criterion, for pure 
imaginary roots 
K=a6(a+8) (8) 
and the three roots are at —(a+) and 
+j./ap. Solving the differential equa- 
tion shows that the peak time is approxi- 
mately 


Tp=(4+¥)/o (9) 
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The first maximum overshoot is 


My:=A(M+7)/M (10) 


and the initial amplitude required of the 
step for Posicast control is 


Au(t)= Mu(t)/(M+ 7) (11) 


where 
y=tantw/y 
wo =(o8)/? 
Mp1=|6c/@n(t)| max 
M=[(a+8)?+ a6]? 
y=atB 
If the error is reduced to zero at t=T, 
by making 6,=1.0, the output does not 
remain stationary because the stored 


energy due to the third pole does not 
permit a discontinuous change in accelera- 
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(C) 


tion. Thus there exists a boundary value 
(or initial condition) problem which is 
inherent in the Posicast technique. Some 
solution is required to obtain a deadbeat 
response, even if compensation to an 
overdamped condition is not attempted. 
Three techniques are employed in this 
paper: 

1. The stored energy is discharged directly. 
2. A pulse of finite amplitude and duration 
is injected. This produces a transient 


which cancels that due to the boundary 
condition. 


8. The boundary condition problem and 
the compensation are combined, and a 
phase space study of the compensated 
system shows that an eigenvector on the 
& versus — plane may be used to obtain 
the desired deadbeat response. 


The compensation problem is essen- 
tially an independent problem when 
methods 1 and 2 are used to solve the 
boundary condition problem. Either 
cascade or feedback compensation may 


B22 


Fig. 4. Posicast control of third- 
order system using techniques of 
Fig. 3. A—Transient _ response 
curves: 1, underdamped; 2, over- 
damped; 3, with Posicast and over- 
damping. B—0é versus 6. phase 
plane. C—#@, versus 6 phase plane 


be used, but feedback compensation 
seems preferable because it does not 
compromise the static gain. Further 
discussion follows with regard to specific 
cases. 


Computer Studies, Third-Order 
System 


Fig. 3(A) shows a computer circuit 
with which Posicast control is applied 
and the stored energy causing an accelera- 
tion at t=T>, is short-circuited out by a 
switching device. Note that two relays 
are used, one marked SW1 to apply the 
Posicast principle, and the other marked 
S2W, to cancel the boundary condition. 
Both relays operate from the output 
velocity signal, which is readily obtained 
for most physical systems. SW1 operates 
at t=T,, thus applying the Posicast 
principle. SW2 is closed until t= 7>(+). 
This short-circuits out the indicated 
capacitor, reducing 9, to zero, then 
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opens. The slight delay is obtained } 
experimental adjustment of the fr 
amplifier. In a physical system sit 
switching arrangements may be usé 
short-circuit capacitors or open induct 
storage elements. The design of ff 


the usual fashion. 
desired (but the static gain may } 
reduced) a single lead section with i 
zero used to cancel the smaller hardwe 
pole is usually satisfactory. The @ 
tenuation of the filter is primarily r 
sponsible for the real roots obtained 
this fashion. If overdamping is require 
but gain reduction is not permis: 
several cascaded sections may be n 
sary. All of the usual compensat 
design techniques apply, and it shou 
be noted that there is no stored ener, 
in the compensator when it is inserted | 
the system, and that zero voltage — 
applied to the compensator at the insta: 
of insertion. } 

Fig. 3(B) shows a computer cirer 
which simulates the energy stora 
elements in transfer function form, am 
which effectively cancels the store 
energy by injecting a pulse at the swi 
ing instant. Both of the systems _ 
Fig. 3 were tested with step input 
The parameters (equation 6) were K 
9,000, a=5, and B=40, and the C0 
pensator transfer function was (s-é 
(s+50). The results obtained with t 
two techniques for handling the bounda 
condition were identical; Fig. 4 shows 
single set of results. 4 

To design feedback compensatio 
assuming that the transfer function 
the underdamped system is given | 
equation 6, and that a su table equivale 
transfer function for overdamped oper 
tion is known to be 4 


Fig. 5. Acceleration versus velocity 
jectories with damping connected and | 
signal cancelled at N= —p 
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Fig. 6. Computer diagram for third-order system with use of phase space technique 


=a 
E s(s+8)(s+wp) 


is readily shown that a suitable feed- 
eck function converting equation 6 to 
uation 12 is 


=(1/K){(wp— @)s?+8(wp— @)s] 


To obtain overdamped operation it is 
cessary to connect this feedback path 
en the second step of the Posicast 
ntrol is applied. It may be noted 
at the static gain is not altered when 
e feedback compensator is introduced, 
it the boundary condition problem 
mains. Though the methods of Fig. 3 
e applicable, a new and interesting 
chnique has evolved from a phase 
ace study of the problem. 

For the third-order system the differen- 
al equation in terms of the error variable 
of the form 


4XE+4VE+KE=0 


(12) 


(13) 


(14) 


he numerical values of X and Y are 
ferent for the underdamped and over- 
amped cases. The phase space defined 
y equation 14 is the E, E, E space. 
component of the slope of the phase 
ajectory is given by 
d& XE+YE+KE 


dE E 5) 


By choosing a constant value N= 
E/dE, a plane is defined in the phase 
pace. By further imposing the condi- 
ion E=0 the phase space is collapsed 
o the £ versus E plane, and 


XE+YE 
Boe 
lefines a line in the £ versus £ plane, 
which is a straight line through the 
rigin with the property that at any 
joint on this line the slope of the E 
rersus E trajectory has the designated 
ralue N. When the second-order system 
lefined by equation 16 has real roots, 


(16) 
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then two eigenvectors are defined in the 
E& versus E plane. Manipulating equa- 
tion 16 yields 


(17) 


Thus the values of N which define the 
eigenvectors are 
_ —XF(K?-4Y)? 


N= ; (18) 


For the wunderdamped system this 
evaluates to N = —a, —8, and for the 
overdamped system N=—8, —wp. 

The physical interpretation of these 
results is simple. If the underdamped 
system is set into motion by any forcing 
function (such as a step), and at an 
instant when E/E=N=—a(or —8) 
the error signal E is forced to zero (such 
as by opening the error channel), then 
the system will drift to standstill with 
E and £ going to zero simultaneously, 
and at every instant the state point is 
on the straight line E/E=N. In like 
manner, if the error signal is forced to 
zero and the feedback circuit connected 
simultaneously when E/E=N=—8 (or 
wp), the overdamped system behaves the 
same way. Fig. 5 shows acceleration 
versus velocity trajectories obtained in 
this fashion, and Fig. 6 the feedback- 
compensated system. 

To combine this concept with Posicast 
control, the following procedure applies: 
the initial step magnitude is reduced to 
a value slightly less than that which would 
be used with Posicast control; the damp- 
ing circuits are connected and the error 
signal forced to zero when the ratio of 
& to E is at the predetermined value; 
when the system stops, the error channel 
is reconnected, and the full input signal 
(second step) is used, the system is in 
correspondence with the feedback damp- 
ing circuits connected as desired. A 
reduction in the amplitude of the initial 
step results from a change in the dy- 
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) l 2 3 4 5 
(B) 
Fig. 7. _A—Phase plane family obtained 


with phase space technique. B—Step re- 
sponse: 6.-versus-t family 


SEC 


namics of the system when the theory of 
the £ versus E plane is applied. 

To obtain deadbeat response it is 
necessary that Z, E and # reach zero 
simultaneously. By following the eigen- 
vector in the E versus E plane it is 
guaranteed that E and # reach zero 
simultaneously and quickly, but reduc- 
tion of the error signal to zero in this 
manipulation reduces the system to 
open-loop operation for a short time, 
during which the physical error does not 
seek a null. If the initial step required 
by Posicast theory is applied, switching 
to the eigenvector in the & versus E 
plane permits a slight overshoot in 
position due to the change in the velocity 
function. Therefore a smaller initial 
step is required. Illustrative computa- 
tions are given in the Appendix. 

The operation of the system of Fig. 6 
is now explainable. For a step displace- 
ment input 6, is fed through Au, which 
reduces the step magnitude, and through 
SW1. The wunderdamped system re- 


AMPLI- 


FIER AMPLIDYNE MOTOR-LOAD 


1000 wien 
$2+231S+272.3] | S(S+8) 


9 
L---4.0349S°+.975S +7.66S "~~~ 


Fig. 8. Block diagram of amplidyne position- 
ing servo with feedback compensation 
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Fig. 9. Computer circuits for posicast control of fourth-order system. A—With use of short- 


circuiting switches to simulate opening inductive circuit. 


B~—With use of pulse input to counter- 


act stored energy 


sponds rapidly. When §+500=0, the 
switch SW1 operates, opening the error 
channel and applying the feedback damp- 
ing loops. The open-loop arrangement 
brings 6, and 6, to zero simultaneously, 
and for proper adjustment of the Posicast 
step 6.-=0, when 6,=0. At this instant, 
SW2 recloses the error channel and locks 
the system. Fig. 7(A) shows a family of 
6, versus 6, phase trajectories obtained 
with the system of Fig. 6. It is readily 
seen that they are essentially the same 
as those of Fig. 4(B). Fig. 7(B) shows 
a family of step-response curves, indicat- 
ing that the performance is satisfactory 
over a range of step sizes. 


Theory for a Fourth-Order System 


As an additional extension of the 
method, it was decided to try application 
to a physical system: a positioning servo 
utilizing an amplifier, amplidyne, and 
1/4-horsepower shunt motor. Transfer 
functions were determined experimen- 
tally; see Fig. 8. With the gains in- 
dicated, the system is stable but badly 
underdamped with system function 


Oc 24,050 


Oe (s+0.34j8)(s+15.254j11.95) ‘1% 


With feedback compensation as indi- 
cated, the system may be overdamped 
with real roots at —4.08, —6.1, —26.8, 
and —36.0. 

Application of the Posicast principle 
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requires that all stored energy be removed 
when the system reaches zero velocity 
and the second step is applied. In 
the amplidyne system, with output at 
zero velocity, energy storage is expected 
in the armature inductance, in the 


Fig. 11. 


Oc 


1.5 
1.0 ——e 
s 

i 
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Fig. 10. Result of computer studies. 
Underdamped. B—Posicast with overdam 
ing circuit but without canceling re 
energy. C—Overdamped. D—Final resu! 
with either short circuit or pulse ‘ 


' : 
amplidyne quadrature field, and in th 
amplidyne control field. To dissipat 
this energy two schemes are attractive 
feeding a pulse into the amplifier, anc 
open-circuit switching. It was decide: 
to try both, with the use of an analo 
computer study to guide the technique 
To provide positive control of the pulse 


AMPLIDYNE 


-Oc 


Circuit diagrams for modified Posicast control of Positioning servo. A—With oper . 


circuit switching to dissipate stored energy. B—With pulse injection to cancel: transient due 
to stored energy 
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(B) 
3.12. Step response of servo with modified 
sicast control. A—With use of circuit 
Fig. 11(A). 1—Posicast, with switching 
quadrature field. 2—Posicast without 


ncellation of stored energy. B—With use 
of circuit of Fig. 11(B) 


t keep its amplitude proportional to 
e command, this signal was obtained 
om $y. When open-circuit switching 
used, all three energy storage units 
ould be opened; however, it did not 
em desirable to open the armature 
rcuit of the motor where the energy 
orage would be quite small. The 
uadrature field of the amplidyne was 
yailable for opening and reclosing with 
Jays, and the control field is opened in 
1e process of changing the step input. 


‘omputer and Physical Systems 
Studies 


Fig. 9 shows the computer circuits 
mulating these conditions; typical re- 
ilts are given in Fig. 10. Only one set 
F curves is shown because identical 
ssults were obtainable with both 
themes. Adjustment of the pulse is 
ecessary. 
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Fig. 11 shows the circuit diagrams for 
the positioning servo with open-circuit 


’ switching technique and pulse injection 


technique. Note that in each case 
only velocity and acceleration feedback 
were used, since noise prevented the 
addition of a £, channel. Asaresult the 
compensated system had two real and 
two complex roots instead of four real 
roots. However, the real roots were 
dominant, and the compensated system 
had an overdamped step response. 

Fig. 12(A) shows the typical transient 
response obtained when the quadrature 
field was opened, and compares it with 
that obtained with Posicast control but 
without opening the quadrature field. 
Note that the characteristic dip obtained 
when the energy is not cancelled was 
predicted by the computer study of 
Fig. 10, but in this case small amplitude 
oscillations due to the complex roots are 
apparent. Similar results were obtained 
for various magnitudes of step. 

Fig. 12(B) shows a family of step 
responses using the pulse injection tech- 
nique with carefully adjusted pulse 
width (7). Note that the responses 
are all essentially deadbeat as desired. 
For large input steps there is a slight 
oscillation, and it is presumed that 
saturation in the magnetic circuits has 
prevented proportional energy storage, 
so that the pulse width as adjusted for 
normal steps is too wide for larger steps. 

Adjustment of the pulse width r is 
fairly critical. Fig. 13 shows the effect 
of variations in pulse width on the step 
response. Note that the pulse must be 
applied somewhat before the second 
Posicast step to compensate for the time 
lags in the system. 


Conclusions 


This paper has proposed two modi- 
fications for the application of Posicast 
control, which remove some objectionable 
characteristics while retaining all of the 
desirable features and which also permit 
ready extension of the Posicast principle 
to higher-order systems. The first modi- 
fication is that of designing damping 
circuits connected simultaneously with 
the application of the second part of the 
divided step. The purpose of this 
modification is to permit very light 
damping with consequent short rise 
time for command signals, while pro- 
viding a stiff, heavily damped system 
to oppose noise and load disturbances. 
It has been shown that such compensa- 
tion can be designed for either cascade 
or feedback connections, and is easily 
and satisfactorily inserted in the system. 
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Fig. 13. Effect of pulse width 7 on transient 
response 


Cascade compensators are more difficult 
to design if the static gain is to be main- 
tained at the level used to obtain the 
desired rise time, but is not difficult to 
obtain if this restriction may be relaxed. 
Feedback compensation is relatively 
easy to design, and the static gain is 
automatically retained. For higher- 
order systems the noise level in the higher 
derivatives may introduce a practical 
difficulty, but such difficulties can be 
overcome, as has been shown. 

The second modification is the sug- 
gestion that simple techniques may be 
used to dissipate stored energy, thus 
permitting ready application of the 
Posicast principle to higher-order sys- 
tems. Three specific techniques have 
been suggested. The first of these is 
direct dissipation of the stored energy 
by open- or short-circuit switching. 
This has been proved satisfactory by 
application to a physical servo system. 

The second technique is cancellation 
of the transient due to the stored energy 
by injection of a pulse, and has also been 
proved satisfactory. The authors feel 
that dissipation of energy by switching 
is better than the pulse technique when 
both are applicable. 

The third technique, studied in con- 
junction with a simulated third-order 
system, evolves a method for forcing E, 
E and £ to go to zero simultaneously. 
This results from a phase space study 
and provides a circuit which forces the 
system to follow a selected eigenvector 
in the E versus # plane. This technique 
worked satisfactorily in simulation and 
suggests numerous possibilities for future 
development. 

Finally, it has been shown that both 
modifications may be applied simultane- 
ously with satisfactory results. 
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Appendix 


The following are illustrative computa- 
tions for adjustment of Posicast step 
magnitude: 


Consider an underdamped system de- 
scribed by equation 6 with a=5, 6=40, 
K=9,000, and an overdamped system 
described by equation 12 with B=40, 
#p=50 and K=9,000. The chosen eigen- 
vector on the & versus E plane for damping 
purposes is 


i 
a —eD= —50 (20) 
from which 

E+50E=0 (21) 


The solution of the differential equation 
for the output motion of the underdamped 
system gives 


ee Y we 1! 

OT eee 9 rears 
(22) 

j= sy sin (ct Dasara (23) 

= yo? y2w%eV! 

jc Sain an aS 

iis aay care) 4 4) 


where the roots of the equation are 3 
O-jw, and the other parameters are defined 
following equation 11. At the instant of 
switching {=(r+y)/w and the exponential 
terms may be neglected. 


P4 
fe 50dr=—0= 


Wty cos (wi—y)+ 
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50yw 
M+y 


sin (wf—y) (25) 
which reduces to 

(23) 
tan (wt—-w)= ne — 0.283 (26) 


from which a first approximation is wt— 


y=2.87 radians=164.2 degrees. Sub- 
stituting this into the equation for 6, yields 
Vi 
(p= x ae COSMIO4: 2 — 08 mn (27a) 
M+y M + Y 


which is the value of the output displace- 
ment when the damping loop is closed and 
the error signal nullified; 6, and 6, are 
readily computed in like manner, so the 
initial conditions for the damping mode 
are 6¢;=0.981; 6¢4=1.88 and 6.;= —wpbo4= 
—94.0. 

Using these initial conditions in con- 
junction with equation 12 yields 


s(s+B)(s+wp)0e=KE+(s+B)(s+wp)0ci+ 
(st+B+wp)0ci+6c4 (28) 


and noting that E is zero by definition, 


(s+B)(s+ap)Ocit(s +B +wp)bict6ei 
s(s+6)(s+wp) 


6¢= 
(29) 
Then 


B+wp 
Oc(t) = Oye aes Miats 24> (30) 


where 2 designates exponential terms which 
are negligible, 

Noting that in this damping mode 
Gc-+wp6=0, it follows that 
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Bre , wpbct 
Oc(t) = 9c Oci— 
e(t) = Oca t aise roe 
=o SH 


Inserting numbers gives 


1.88 
de(t)=0.981 + = 1.0186 


This indicates about 2.0% overshoot 
is desired that 6,(t)=1.0, or 


Get 
dest = 1.0 


The magnitude of step used was M/(M 
y)=0.512. Let the new magnitude bi 
so that 


1.0 1.0186 


from which A =0.502 as a first approxim 
tion. 
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esign and Development of a 600 F Pulse 


reamplifier for Nuclear Instrumentation 


W. L. FRISBY 


NONMEMBER AIEE 


ESIGN considerations and evalua- 

tions are described for a high-tem- 
ature pulse preamplifier which can 
plify low-level fission-chamber pulses 
ar the source. The preamplifier can 
thstand the combined environmental 
nditions of: 


Equipment temperatures of 542 F 
‘egrees Fahrenheit). 


Radiation environment equivalent to: 
(a). 5.5X1041 gamma photons/cm (centi- 
meter )?/second 


(6). 0.78 X10" neutrons/cm?/second 


The desirability of amplifying low- 
vel-fission counter pulses near their 
surce makes it mandatory that elec- 
ronic amplifier components and design 
pproaches be drastically revised. Tem- 
eratures in the range of 600 F and higher 
an be expected along with high levels of 
leutron and gamma radiation. Some 
f the high points established for the 
rogram to be discussed are given in the 
Appendix. It should be noted that the 
wumidity requirement is still present 
ince the equipment must operate in 
‘ommon environments as well as high 
emperatures. It is also of importance to 
10te that there are other added require- 
ments accompanying the nuclear radia- 
Hon and high-temperature environments. 
For example, this equipment is expected 
to operate under considerably more severe 
vibration and sonic-noise conditions thar 
was normal in the past. 


Design Considerations 


There are four possible approaches to 
the high-temperature problem: 1. in- 
sulate the amplifier; 2. refrigerate the 
amplifier; 3. use high-temperature com- 
ponents and maintain a constant high- 
temperature environment; and 4. use 
components and techniques tolerant to 
the entire spectrum of anticipated tem- 
peratures. 

The best approach, of course, will de- 
pend on the requirements of the specific 
application and the state of the art 
of components required. Possibly even 
combinations of these four approaches 
will be beneficial. The fourth approach, 
the equipment-tolerant approach, was 
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E. M. PALMER 


MEMBER AIEE 


the one selected by the Aircraft Nuclear 
Propulsion Department of the General 
Electric Company, for the pulse pre- 
amplifier discussed in this paper. 

When one realizes that an amplifier 
temperature of 600 F is well above the 
melting point of tin and the useful life of 
most organic materials, it becomes ob- 
vious that drastic changes in packaging 
philosophy are required. The problem of 
electrical insulation becomes most acute, 
particularly in hookup wire and capaci- 
tors, where resistance to humidity at low 
temperatures is still a requirement. 
Materials suitable for use at these high 
temperatures, such as the micas and 
ceramics, are greatly affected by hu- 
midity. 

Components and materials, from elec- 
tron tubes and capacitors to paints, re- 
quired extensive investigation and evalua- 
tion as did new manufacturing tech- 
niques. 

Special studies were necessary in such 
areas as: 1. oxidation protection, 2. 
deviations of electrical characteristics, 
3. thermal conductivity, 4. structural 
materials, 5. electric connections, and 
6. spring materials. 

At the beginning of this program, it was 
found that there were very few “‘on-the- 
shelf’ electronic components suitable for 
these environments. Before proceeding 
with equipment design, it was necessary 
to use considerable engineering effort to 
investigate materials and design tech- 
niques. This was then followed by ex- 
tensive evaluation testing to establish 
suitability for application and environ- 
ments. With the number of entirely new 
materials and components required in the 
construction of high temperature and 
nuclear radiation-resistant amplifiers, 
there is a considerable variety of new 
manufacturing and design problems pre- 
sented. 


ELECTRIC CONNECTIONS 


One of the most difficult design prob- 
lems encountered was to establish a 
mechanical layout which permitted ac- 
cessibility for making a reliable electric 
connection while still maintaining minia- 
turization. Very early in the design stage 
it is necessary to establish the exact 


Frisby, Palmer—A 600 F Pulse Preamplifier 


method to be used in making electric 
connections. Actually, it can be said 
that the high-temperature amplifier has 
to be designed around the electric con- 
nection. The need for analyzing and 
comparing all conceivable methods and 
processes of making electric connections 
became readily apparent. 

In comparing the different methods of 
making connections, the following factors 
were considered prime requirements for 
an ideal electric connection: 1. relia- 
bility, 2. low and consistent resistance, 
3. low mass and size, 4. high strength, 
5. easy repairability, 6. obtainable with a 
minimum effort, 7. equally obtainable in 
the field, and 8. ability to withstand ex- 
tremes of temperature, corrosive condi- 
tions, vibrations, and shock. 

The following are some of the possi- 
bilities that were considered for meeting 
these objectives: 


a 


Arc fusing. 

2. Brazing and high-temperature solders. 
3. Resistance welding. 
4. Wire wrap. 

5. Crimping. 

6. Nut and bolt. 

7. Wire nuts. 

8. Metalizing. 

9. Taper pins. 

10. Kold welding. 

11. Ultrasonic welding. 
12. Conductive cements. 
13. Torch welding. 

14, Thermit welding. 


A general conclusion that can be drawn 
from the investigation is that there seems 
to be no single process or method of 
making high-temperature connections 
which can take the place of soldering. 
Limitations of materials and accessibility 
forces one to resort to a combination of 
methods in any given application. The 
designer of high-temperature electronic 
equipment must carefully analyze each 
method relative to a specific application 
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to determine the most applicable method 
or methods. 

In this particular preamplifier, arc- 
fusing was found to be a very satisfactory 
method for making electric connections. 
Resistance welding and brazing were also 
used advantageously on some components 
prior to assembly in the amplifier. Figs. 
1 and 2 show typical equipment used for 
making arc-fused and resistance-welded 
connections. 

The photomicrograph, Fig. 3, shows a 
cross section of a typical arc-fused con- 
nection, and was made in conjunction 
with a study of the quality of various 
other electric connections. 


STRUCTURAL MATERIAL AND 
CONFIGURATION 


The selection of the structural material 
and configuration requires consideration 
in order to realize adequate heat trans- 


Fig. 1 (left). Arc 


fusing 


Fig. 2 (right). 

Typical applica- 

tion for resistance 
welder 


fer and vibration characteristics. Some 
thought was given to the possibility of 
selecting a material for the amplifier 
which would help attenuate the level of 


nuclear radiation and thereby reduce the 


effect on amplifier components. How- 
ever, calculations demonstrate very 
clearly why it is not generally practical 
from a weight and size standpoint to 
attempt to shield an amplifier. For 
example, when using common shielding 
materials in the radiation environment of 
this application, it takes at least a 22- 
inch-diameter enclosure around a 31/,- 
inch-diameter object to reduce the inten- 
sity of nuclear radiation by only a factor 
of 10. This is a relatively small per- 
centage reduction of the total radiation 
level when intensities in the order of 
10"! are being considered. It was clear, 
therefore, that electronic components and 
materials must be obtained which are in- 


herently affected less by nuclear ra 
tion. Consequently the choice of stru 
tural materials was primarily a prob 

of heat transfer and high-temperature 
strength. Unfortunately, these two fe 
tors are not usually found in the same 
material. Fig. 4 compares the relative 
high-temperature tensile strengths ¢ 
some of the possibilities considered. 
can be seen, the commonly used alt 
num alloys are out of the picture i 
most applications for temperatures m: 
above 500 F. Some of the possibilities 
considered were powdered alumin 
titanium, and the stainless steels. 

though these generally were satisfact 
from a strength standpoint, none wi 
appropriate for use in the 590 F amplifi 
application. These materials were eith 
unsatisfactory from a heat-transfer stand- 
point or because of poor weldability 
For example, if stainless steels had bee 
used, the heat rise within the amp 
would have been far too excessi’ 


als for rupture in 
1,000 hours 
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Fig. 3 (left). 
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h 1/8-inch-thick stainless steel and 
40 watts total input, temperature 
+ would have been in the order of 200 


ortunately, stainless clad copper meets 
+ objectives without having excessive 


alone. The clad material combines 
bd heat transfer, high-temperature 
length, weldability, and good drawing 
aracteristics; however, when using it 
ecial attention must be given to welding 
brazing fixtures, otherwise considerable 
tortion will result. 

The following are typical of other prob- 
is encountered as a result of the high- 
perature and nuclear-radiation re- 
irements: 


High-temperature corrosion. 


Prevention of seizure of socket and con- 
tor contacts. 


Establishment of appropriate mounting 
ethods for relatively more brittle and 
hgile components (ceramics and glass). 


Special plating techniques and facilities 
quired. 


Obtainment of test equipment and 
onitoring devices capable of operation 
nder these severe environments. 


Obtainment of small coaxial cables with 
w-capacitance per-unit length. 


Establishment of hermetically sealed 
mnectors with provisions for making 
hrough”’ coaxial connections. 


Development of new techniques for 
sembling coaxial and interconnecting 
bling. 


Preparation of new specifications, manu- 
cturing instructions, and operating in- 
ctions for all phases of the design, pro- 
ement, manufacture, and evaluation of 
ne equipment. 


ircuitry Considerations 


Since several textbooks and consider- 
ble research have been devoted to the 
science of pulse amplification, only a 
rief treatment will be made of these tech- 
iques, primarily to establish the basis 
br dealing with the high-temperature 
spects. 

Accept and faithfully amplify input 
ulses having wide ranges of amplitudes and 
urations. 


Amplify high average repetition rates 
yithout large resolution losses. 


Provide linearity of output up to a high 
ralue of pulse voltage. 


| Maintain a high degree of stability of 
yulse amplitude. 

;. Prevent spurious additions or losses of 
pulses. 


In addition, though not as important, 
or pulse preamplifiers: 
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1. Coupling time constants should be 
satisfactorily compromised between fast 
count rates and desire to faithfully repro- 
duce shape and avoid pulse-height clipping 
or excessive underswings. 


2. Ratio of low- to high-frequency half- 
power points should be no greater than 0.01 
for the best signal-to-noise ratio. 


8. Rise time of the amplifier should be 
equal to the collection time of the pulse 
source, unless the collection time of the 
source is under study. 


4, All tubes should be operating at biases 
well outside the contact potential region. 


5. Low-impedance techniques should be 
adhered to, especially in grid circuits. 


6. Thesupply-voltage decoupling networks 
should possess time constants as high as is 
compatible with application size limitations. 


7. Maximum consideration should be given 
to the shielding of heater leads from the un- 
filtered circuits of the final stage. 


Several basic relationships necessary to 
specify such characteristics as preampli- 
fier bandwidth and rise time, signal-to- 
noise ratio, gain bandwidth, gain per 
stage, pulse fall-off and low-frequency 
3-db (decibel) point (f1) are listed as: for 
preamplifier rise time: 

OL SPA le (1) 


tip S34) === 


fo 24 3fe 
Signal-to-noise ratio: 


1 
S/N=constant X Hi 


2 


BLN) wrk?) 


Pulse fall-off: 


A 
” OnTnVN 1nd 


Midband gain: 


Sf (3) 


paereein) (4) 
eye 


R; per stage: 


_ a(n) 
 QafoC (5) 


1 


where 


Tr=rise time of the pulse 

fi=low-frequency half-power of 3-db point 

fo=high-frequency half-power of 3-db point 

a=ratio of fi/fe 

A= fractional fall-off of pulse introduced by 
the amplifier 

Tw = pulse width 

N=nuumber of stages or time constants 

G,= midband gain of each of n stages 

¢#(n)=a calculated fraction determined by 
the relationship: 4(7)= V/ 2/1 

n=number of stages 

gm=tube transconductance 

C=input capacitance per stage 


Since detailed discussions of these equa- 
tions are contained in reference 1, fa- 
miliarity is assumed. Applying these 
relationships to this particular applica- 


Frisby, Palmer—A 600 F Pulse Preamplifier 


tion, a preamplifier bandwidth up to 
1.5 me (megacycles) is established, a 
3-stage preamplifier and cathode fol- 
lower is selected, a theoretical plate- 
load resistor of 2.4 k (kilohms) is calcu- 
lated, and a minimum transconductance 
per tube is calculated to be 4,100 pm 
(micromhos). 

Of the primary components used in a 
high-temperature preamplifier, resistors 
were the most advanced for high-tem- 
perature use. Film-type resistors dis- 
played a resistance temperature coeffi- 
cient of —200 ppm (parts per million) /C 
(—6% resistance change to 600 F), 
and a 100-hour life test at 750 F indicated 
stabilities of better than 1%. Wire- 
wound resistors displayed a resistance 
temperature coefficient in the order of 0 
to +100 ppm/C with excellent stability in 
high-temperature life tests. In size and 
electrical characteristics, resistors pre- 
sented no problem. 

Fortunately, a broadband amplifier 
does not require large-value capacitors. 
Considerable evaluation at high temper- 
atures narrowed the choice to a particular 
capacitor displaying a dielectric quality 
of 1.25 megohm X microfarads (uf) at 
600 F with a favorable size factor. A 
1,000-yuf unit with the dielectric in- 
volved would display 1,250 megohms 
resistance at 600 F, sufficiently high to 
eliminate capacitor-leakage current as a 
problem. Decoupling capacitors of 0.01 
pf would display resistances as high as 
125 megohms at 600 F, so that a decade of 
further deterioration could be permitted. . 
The temperature coefficient was only 
70 ppm/C, of negligible importance in this 
application. 

Owing to the boron content in the hard- 
glass family of tubes and the requirement 
to withstand nuclear irradiation, metal- 
ceramic rather than hard-glass tubes had 
to be utilized. For pulse use, tubes dis- 
playing high figures of merit in Gm/C and 
Gm/Ib are required, but availability in 
1957 was confined to a very few tubes, and 
ultimate choice was a family of newly 
developed high-mu triodes; Gm=4,800 
ym, mu—94 at ma (milliamperes). It is 
particularly significant that high-gain 
triodes were available in metal-ceramic 
construction, since the predominating 
noise of an amplifier is apt to be the shot 
effect and is worse in a pentode than in a 
triode. 

Circuit techniques at high tempera- 
tures in the component tolerant approach 
are altered by: 1. compromise of noise, 
gain, and count rates of coupling circuits; 
2. the danger of excessive grid emission of 
tubes; 3. closed-loop gain drift caused by 
component variations; and 4. the de- 
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Table | 
Make-Grid- 
Consideration Return Resistor 
I. Less'thermalnoise.....-..000++.0- large 
2. Maximum amplifier gain........... large 
3. Prevent grid-current over- 
NOAGIM SE eeijanci er rt ees. small 
4. Minimize capacitor leakage, 
current-bias change............. small 
5. Keep coupling-capacitor 
VAIS O Wile welenadieies eave on ie large 
6. Minimize grid-emission bias 
Cha fige si ie. 2 tan ans selene small 


sirability of preventing excessive cathode 
temperatures. 

Table I gives some of the considerations 
to be taken into account when selecting 
resistors for coupling circuits in high- 
temperature applications. 

Another consideration common to all 
preamplifiers is the selection of a specific 
time constant compatible with expected 
pulse repetition rates. 

It is perhaps surprising that the larger 
the grid-return resistor the less the ampli- 
fier thermal noise, for it is well known that 
the thermal rms voltage of a resistor is 
proportional to resistance and tempera- 
ture in the following relationship: 


enoise= VW 4KTbRAf (6) 


The following table represents typical 
noise voltages generated at the two tem- 
peratures of interest: 


a 


€noise, Microvolts 


Resistance 78F 590 F 
NODE eon Seeteatad oye ected LO tis cae aes een 22 
DOPCr sn thiaierA rae OO tie, aoe 49 
LOOMS ec iarecialshepacyo sets Seuss AO CO), Belk carcersbon. 69.3 
LimMegouin.;. ce ve oslo UGA i et il ye 3 219 
100 megohms............ UA iO: see eee 2,190 


When the equivalent preamplifier input 
circuit is reduced to the form shown in 
Fig. 5, it is obvious that thermal-input 
noise is divided between the impedances 


Fig. 5. Equivalent thermal-noise input circuit 
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R eq and input capacitance Ci, as shown 
in equation 7. 


—j/eC 


7 
R—j/wC @) 


Vin=en 


This expression is squared and inte- — 


grated over the pass band to obtain 
thermal power: 


(<<) . 


Rg should be made large to reduce 
thermal noise. Attempts to increase the 
bandwidth by dropping the low-frequency 
cutoff point f; will cause the thermal noise 
to become appreciable. If fis kept at a 
reasonably high value, and the grid-return 
resistor is maintained at a large value, 
thermal noise need not be considered. 
If a differentiating circuit were used, the 
thermal-noise determining factor be- 
comes fs, the high-frequency cutoff point, 
but even then thermal noise is insignifi- 
cant if R is large. 

Since the voltage across the detector 
will shift by an amount 7gR when the de- 
tector is exposed to radiation, the bias of 
the first stage will be shifted by a like 
amount if the detector electrode is con- 
nected directly to the first-stage grid ele- 
ment. Although this shift may be ex- 
pected to be negligible, the effect could be 
disturbing where pulses from fission frag- 
ments are being counted in the presence 
of strong alpha-ray background. In 
such applications, it is desirable to choose 
an unusually low value of grid-return 
resistance for the first stage or decouple 
the detector from the first grid with a 
capacitor. In this application the latter 
method is used since an exceptionally low 
value of grid-return resistor will result in 
increased noise out of the amplifier. 

Since there are, from the tube-plate 
element to a-c ground, two paths (one 
through the plate-load resistor and one 
through the coupling capacitor and grid- 
return resistor), the grid-return resistor is 
essentially shunting the plate-load resis- 
tor. Values of the plate resistor are apt 
to be in the order of 2 k to 10 k, and any 
value of grid-return resistor below about 
50 k will cause serious drop-off in stage- 
by-stage gain. 

Choice of the grid-return resistor is also 
affected by the characteristics of the 
application: the expected pulse-count 
rates and the permissible pulse fall-off. 
Higher pulse-repetition rates affect pre- 
amplifier design only in the choice of inter- 
stage coupling networks. If time con- 
stants are made very short (approaching 
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the rise time of the incoming pulse) t 
maximum pulse-repetition rate can 
handled, but pulse-height clipping will 
come a consideration. If time const: 
are made especially long to lengthen 
duration of underswings and oversho¢ 
the pulse will be stretched and a reduct 
in resolution will result (accurate count 
high repetition rates will not be possib 
If choice of the coupling circuits is st 
that stretching occurs, then two pul 
curring very close together may ove! 
and be counted as one pulse. 4 

The low-frequency response of the f 
amplifier will determine the fractional f 
off introduced or imposed upon the inj 
pulse by the pre-amplifier coupling < 
cuits. It is noteworthy that this fre 
tional fall-off is in addition to the fall-off 
characteristic inherent in the preamplifier 
input pulse. The slope of the fall-off 
is determined by the time constants of the 
coupling circuits: the longer the tin : 
constant, the less rapid will be the dro ; 
off. The magnitude and duration of { 
underswing is also affected by the coupli : 
circuits: the shorter the time constant 
the greater will be the magnitude of ui 4 
derswing. Ordinarily, time constants 
several hundred times larger than pul 3 
rise time may be used in the preamplifier 
since pulse magnitudes are small with 
respect to bias voltages and the danger of 
overload is therefore not serious unless 
repetition rate is high. 

Appropriately covered in reference 2 
are the advantages in selecting low grid- 
return resistors to prevent pulse over- 
shoot and possible introduction of new 
pulses. An amplifier stage with a plate- 
load resistor of 1 k, a coupling capacitor 
of 0.01 uf, and a grid-return resistor of 1 
megohm has the same time constant and 
gain as a stage with 20 k, 0.5 uf, and 1k 


o 
>a 
= 
La 
oF 
> 
CONTACT. fe) 
POTENTIAL = 
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MICROAMPERES 
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EMISSION 
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Fig. 6. acuum-tube grid currents 
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spectively, but the second case could 
ndle a pulse many times larger prior to 
ycking. 

The assumption is made that any tube 
1ich shows as much as 2 ya (microam- 
res) of grid-emission current at an 
abient operating temperature of 600 F 
yuld be considered a failure. Based on 
is assumption then, various likely 
ues of grid-return resistor are tabu- 
ted with the magnitude of bias change 
sulting from the maximum expected 
ange in grid current throughout the 
erating ambient temperature excur- 
on. Fig. 6 shows the various grid 
irrents which can be encountered. 
Obviously, the lowest possible value of 
4d-return resistor should be utilized, 
ympatible with circuit gain and noise 
mitations. It would appear that 50- 
90 k would be a good compromise for 
lany applications. 


Rg, Ohms Volts Eg 
ENN ey a aay Sa hess ae ores 0.02 
ENE RN eS Nor <i iecsiattes dente Shtose ta 0.09 
(1 Nie SO See ie ay. Clee cto ee 0.16 
ME ye. Bo sn Poe artes a hes 0.20 
ee Per eee ne cate 0.30 
Pe a Mec cals poke Saou ag 0.45 
"oie gi B/E Sake tte oe aie rar eerie ee Cree 0.90 
MINA SOIT Ss cA wie tole ol -A8 = om ev ruteete Hieraary Scie 2.0 


Indications are that it may be desirable 
ither slightly to reduce heater voltage to 
rolong tube life, or (for large temperature 
xcursions) to schedule heater voltage 
vecause of the anticipated increase in 
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Figue 7. High-temperature 
pulse-preamplifier | assembly 


cathode temperature as the result of the 
higher ambient temperatures. The de- 
sign philosophy used to achieve a gain 
virtually independent of temperature ex- 
cursions without the use of a heater 
power-derating device was to utilize 
temperature coefficients of components to 
provide compensation for the gain drift 
caused by changes in cathode tempera- 
ture, as described in the following: 


1. At room temperature, curves showing 
gain change caused by variations in value of 
circuit elements were compiled. 


2. At room temperature, amplifier-gain 
changes caused by variations of heater 
voltage by an amount equivalent to the de- 
rating recommended by the tube manufac- 
turer was determined. 


3. Predicted amplifier drift caused by 
component temperature coefficient was de- 
termined from step 1 and compared to the 
drift caused by the heater power variation, 
step 2. The assumption is made that the 
component manufacturer’s heater-derating 
curve represents constant cathode tempera- 
ture. 


4, Resistors with opposite temperature 
coefficient from those assumed for step 3 
were used at key locations as determined by 
the curves of step 1 to either compensate or 
overcompensate as test results indicated. 


Initial runs at 600 F indicated a volt- 
age-gain drift of less than 4%. 


Conclusions 


The state of the art for high-tempera- 
ture radiation-tolerant electronic equip- 
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ment has advanced to the state where 
equipments are being manufactured and 
evaluated at 600 F in nuclear environ- 
ments. Fig. 7 shows the result of one of 
these programs, the pulse preamplifier. 
In this application no significant size and 
weight penalties were caused by high- 
temperature requirements. A weight 
penalty can be expected where handling 
and severe vibration are requirements. 

In order further to advance the state of 
the art of high-temperature electronic 
equipment: 1. major scientific break- 
throughs are needed in dielectrics, and 
2. survival-rate studies are needed as 
soon as components are in pilot produc- 
tion, 


Appendix. Pulse Amplifier 
Environmental Specifications 


The following breakdown gives some of 
the high points established for the discussion 
in the paper. 


Temperature: —65 F to 542 F 

Altitude: 70,000 feet 

Humidity: 100% condensate 

frost 

Vibration: 5-2,000 cps, 40 g 

Life: 1,000 hours total, 100 hours at 542 F 

Sonic noise: 160 db, 150—-6,000 cps 

Salt spray: 50 hours 

Impact: 24 impacts at 30 g, 10-millisecond 

duration 

Radiation: 1,000 hours 10° rep, 1 meg- 

electron-volt gamma 
108 rep, 

electron-volt neutrons 


including 


1 meg- 
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The Principle of Equivalent Areas 


RICHARD E. ANDEEN 


ASSOCIATE MEMBER AIEE 


HEN THE STATE of a linear sys- 

tem is changed by the application 
of a forcing function r(#), the change oc- 
curring during a time interval may be 
determined approximately by consider- 
ing only the initial conditions and the 
total impulse 


tg 
ref r(t)dt 
4 


applied to the system during the interval. 
If the time interval is small enough, the 
approximation will be a good measure of 
the behavior of the system. This idea is 
exploited in this paper as the basis for the 
principle of equivalent areas, a principle 
establishing the condition which must be 
satisfied if two forcing functions which 
have different instantaneous character- 
istics are to be equivalent as far as 
their effects on a linear system are con- 
cerned. The principle may be briefly 
stated as follows: 


Two input signals (forcing functions) to a 
linear continuous element are dynamically 
equivalent if their integrals evaluated over a 
set of corresponding equal time intervals are 
equal, and the time interval is suitably small. 
The quantities v(t) and r’(t) are considered 
equivalent if 


nT nT 
if r(t)dt = ib r'(t)dt 
(n-D)T (n-1)7 


where T is a time interval based on the 
characteristics of r(t), r’(t), and the linear 
system, and 7 takes on all values sufficient 
to cover the total time duration of interest. 


In many control system analyses the 
central problem is the representation of 
the signals in a form which is amenable 
to analysis. The principle of equivalent 
areas provides a means for transforming 
signals from one form into another dy- 
namically equivalent form which may 
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be more easily analyzed by mathematical 
or graphical means. This idea has been 
previously used in the analysis of pulse- 
duration sampled-data systems, and in 
connection with the analysis of non- 
autonomous nonlinear systems. The ob- 
jective of this paper in introducing the 
principle of equivalent areas is to de- 
scribe some of the factors which must be 
considered in its application. Graphical 
and mathematical derivations are given. 
The approach is in terms of the concepts 
of convolution, frequency spectra, and 
sampling theory. 


Graphical Derivation 


The problem may first be approached 
by referring to Figs. 1 and 2 and the con- 
volution theorem! stated in equations 1 
and 2. If 


C(s) = H(s)R(s) (1) 
then 
cry [ h(z —t)r(t)dt (2) 


The terms in equations 1 and 2 refer 
to Fig. 1, in which 7(¢) represents the forc- 
ing function or input, and A(¢) the im- 
pulsive response characteristic of some 
linear system: c(é) represents the state of 
that system or output. R(s), H(s) and 
C(s) are the corresponding Laplace trans- 
forms. Fig. 2 graphically illustrates the 
process indicated in mathematical form 
by equation 2. In Fig. 2(A) the curve 
is the inverse Laplace transform of H(s), 
which of course is the impulsive response 
of H(s), plotted for convenience with the 
time axis reversed. In Fig. 2(B) the 
curve is a plot of the input 7 as a function 
of time. For illustration r is plotted as a 
sequence of step and ramp functions, 
but what we have to say is true for 
any arbitrary r(t). The origins of the 
time co-ordinates of the curves in Fig. 
2(A) and (B) are displaced by the amount 
7. The value of the output c at the time 
7 is found by multiplying corresponding 
ordinates of the shifted curves to obtain 
the product curve in (C); then the curve 
in (C) is integrated with respect to time. 
The result of the integration is the area 
under the curve, and also the value of the 
output c at time t=7. 

For the moment, suppose that h(#) can 
be replaced by another curve h»(#), which 
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is a staircase approximation to h(t) q 
shown in Fig. 3. We can consider hp(t)a 
the output of a system which includes : 
sampler and a zero order hold cir 
the output as shown in Fig. 4. Later, th 
validity of this substitution and the d 
mination of the sampling period T will} 
discussed. The quantity h,(é) can 
expressed mathematically as follows: i 


hig(t) = > jW(nT)[us(t—nT) — | 
n=0 j 


u-(t—nT —T)| 


It has been tacitly assumed, ; 
customary, that A(t) is zero for negat 
time. Also h(t) is shown in the figure 
as approaching zero as ¢ becomes la 
The discussion, however, is general an 
does not only apply to systems having t nia 
special characteristic. ? 

Fig. 5 is equivalent to Fig. 2, but rex 
drawn with h,(¢) replacing h(t). As be 
fore, the area under the product curve is 
obtained in order to determine the valu 
of the output c at the time ‘=7. In thi 
case, however, the area is approximat 
equal to c(r). Itis clear that the sm 
the sampling period, the better 
approximation becomes. In the limi 
when the sampling period approaches 
zero, Figs. 2 and 5 become identical! 
The procedure described by Fig. 5 is ve y 
similar to the approximate procedure 
often used for finding the time respon 
of a system, due to an arbitrary input 
when the impulsive response of the sys- 
tem is known. This approximate pr ! 
cedure approximates the convolutic 4 
integral by the following series: 


# 
2 
" 
A 
i 
4 


: 
Bitis 
é 


m 
C(mT)= >) h(mT—nT)(nT)T 
aioe 

In using equation 4, one effectively re. 
places both A(t) and r(t) by staircase 
approximations. ; 

Now refer to Fig. 6, which shows the 
same h,(t) as Fig. 5, but a different input 
function r’(t). r’(¢) was constructed 
from r(t) according to the principle of 
equivalent areas; ie., for any m, the 
following relation is true: 


nT nT 
i) r(t)dt= ii r'(t)dt 
nT —T nt —T 


The exact shape of the curve within an 
interval T is not of importance in the 
construction of r’(¢); thus there is an 


R(s ) > (al 
H(s), h(t) 7 


Fig. 1. Block diagram of a dynamic systen 
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g. 2. Graphical representation of convolu- 
tion process 


A—h(t). Br). C—hGr—drit) 


finitely large number of curves which 
e equivalent according to the criterion 
cpressed by equation 5. When the 
roduct curve in Fig. 6 corresponding 
» r'(é) is integrated we find that exactly 


a 


) Torstar oT 6h rt 8T 97 


Fig. 3. Comparison of h(t) and h,(t) 


ig. 4 (right). Block diagram of + 
ystem with staircase type of im- 
pulsive response 
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G(s) 


Fig. 5. Convolution with h(t) replaced by 


hp (t) 


A—h,(t).  B—r(t). C—hpr—#)r(t) 

the same area is obtained, and conse- 
quently exactly the same value for the 
output c(r), as when the product curve 
corresponding to r(t) in Fig. 5 was inte- 
grated. This may be verified by examin- 
ing the contribution to the total integral 
of the integrals taken over the individual 
sampling periods. For example, in the 
interval t=2T to 37, r’(£) is constant in 
amplitude; r(é) is represented by a tri- 
angular pulse of twice the amplitude. It 
is clear that the areas of the r(#) and r’(é) 
curves over the interval :=2T to 3T are 
equal. Since hp(r—#) is constant at the 
value h,(t) over the interval under con- 
sideration, the product curves in Figs. 5 
and 6 are given by 7(é) and r’(¢) times the 
same constant, 4,(T). The integrals of 
the product curves over the same interval 
must then also be equal and have a value 


ZERO-ORDER 
HOLD 
CIRCUIT 


h* 
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(A) 


T ft 


(B) 


Fig. 6. Convolution with staircase approxima- 
tion of impulsive response and _ equivalent 

input 
B—r’(t). 


A—h,(t). C—h,(7—#r'() 


hp(T) times the integral of r(t) or r’(t) over 
the interval. Since this holds true for 
each sampling interval, the total integrals 
of the product curves from t=— © to rT 
are also equal. We conclude that the 
principle of equivalent areas does, in 
truth, hold. 


Mathematical Derivation 


In the foregoing a kind of graphical 
proof of the principle of equivalent areas. 
has been attempted; a mathematical 
proof follows. Starting with the con- 
volution integral, equation 2, and assum- 
ing that h(#) can be replaced by h,(t), 
equation 6 is obtained. 


(7) -[" hp(r—#)r(t)dt (6) 


—o 


Assume that 7 is an integral number of 
sampling periods: 


r=mIl m=0,1, 2,3... 
Then 
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ie) 


IH(jw)I 


1H (iw) 


Fig. 7. Frequency spectra 


cmt)= J" halon r(t)dt (7) 


Furthermore, the integral from — © to 
mT can be broken down into a sum of 
integrals over the intervals (x—1)T to 
nT, where n goes from — © to m: 


™m nT 
_ (mT) = » if been bro 
(8) 


However, during the interval (n—1)T 
to'nT, hy(mT —4#) is constant and equal to 
hp(mT—nT). Consequently the follow- 
ing is obtained: 


™m nT 
dmT)= ye) | i, inlet —atrnoat 


fen 60, n—-1)7 
(9) 
m nT 
c(mT)= + iimt—nt) {Koa 
“ (10) 
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Now, define I(T) by 


nT 


I(nT) = r(t)dt (11) 
(n-1)T 

which yields the final result, 
™m 

c(mT)= >> hp(mT—nT) KnT) (12) 


n=-—o 


Equation 12 proves the principle of 
equivalent areas, subject of course to the 
validity of replacing h(t) by h(t), for 
the output of the system H is determined 
by the function hp and J. The function 
hp has been previously described; it 
takes on the value h(nT) when t=nT. 
I is a function which has the value given 
by equation 11 when t=n7T. In equa- 
tion 12 r(¢) appears only through the 
subsidiary function J, and as soon as J 
has been calculated by integrating r(t) 
over the suitable intervals of time, the 
information on the exact form of r(¢) dur- 
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ing the intervals can be discarded. 
probabilistic sense hp and J are sufficien 
to determine the output c(mT); i.e., t 
amplitude of the output at uniform 
spaced intervals of time T seconds apar 
If the output at the sampling instant 
is considered in relation to the sampl 
theorem? it is noted that there are 
distinct cases which may occur. 7 
first concerns a dynamic element with; 
continuous input 7(¢) whose bandwidth j 
limited to one half the sampling frequeney 
Note that in this case the outputs at - 
sampling instants completely define th 
output at all times, including the interyg 
between sampling instants. 
The second case concerns a systen 
which has a continuous input whos 
bandwidth is limited to one half the sam 
pling frequency, however this input j 
sampled, and the sampled signal is th 
actual input to the dynamic element of th 
system. In this case the sampling intto 
duces high frequency components whiel 
were not present in the original sign 
The high frequency components are un 
desirable in the output and consequently 
practical systems act as a low-pass filte 
to attenuate these high frequencies. | 
amount by which they are attenual 
determines the amount of ripple in t 
output, and also the extent to which the 
output at the sampling instants define: 
the output. The ripple which occurs i 
not accounted for; however, as the s 
tem characteristics are improved in 
direction to reduce ripple, the definiti 
of the output at all instants of time by the 
samples given at uniformly spaced inter 
vals of time improves. 


Replacement 


The replacement of h(z) by h(t) must 
now be justified, and the conditions show1 
under which it is valid. It is instructive 
consider this question in terms of th 
frequency spectra of h(#) and hp/(2). 
Laplace transform of h(t) is H(s) and the 
Laplace transform of h(t) is H,(3) 
From Fig. 4, H>(s) is related to H(s) By 
equations 13 and 14: 
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Fig. 8. Impulsive response of simple | 
network 
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9. Staircase approximation to impulsive 
response of simple lag network 


—sT 
_ = H*(s) (13) 
_ es a Fg avers 
Te ST (14) 


irst, it is evident from equation 14 that 
s) reduces to H(s) when T approaches 
. The problem can therefore be 
ated as follows: how large can we 
ce T without introducing appreciable 
r? Fig. 7 illustrates the relations 
ween the magnitudes of H(s), H*(s), 
e*7/s, and H,(s), which are plotted 
a function of angular frequency. 
#) is symmetrical about the zero fre- 
mney axis. The sampled transform 
(Gw) is periodic and, if H(jw) cuts off 
yw Q/2=n7/T radians per second, 
sists of the frequency spectrum of 
iw) attenuated by the factor 1/T and 
eated at intervals of -tnQ. The 
asform of the hold circuit, 1—e7/”'/ja, 
s as a filter on the sampled transform 
(jo). Hp(jw) is the product of 1— 
ut Jin and H*(jw). 

Ybserve from Fig. 7 that when the 
apling frequency is twice the highest 
nificant frequency in H(jw), Hp(jw) 
sroximates H(jw) over the interval +Q 
{ that the higher frequencies in H*(jw) 
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gy. 10. Amplitude frequency spectrum of 
simple lag network 
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Fig. 11. Sampled amplitude frequency spectrum of simple lag network 


are attenuated by the filtering action of 
the hold circuit. 

The empirical criterion thus advanced 
for the replacement of h(t) by /p(t) to be 
valid is that the highest significant fre- 
quency in the spectrum H(jw) does not 
exceed one half the sampling frequency 
Q=22/T. For a low-pass element this 
is roughly equivalent to requiring that 
the sampling period T be less than one 
half the dominant time constant 7 of the 
dynamic element. When this condition 


is satisfied, the spectrum of H(jw) will be 
closely approximated by H>p(jw), and on 
this basis the dynamics represented should 
be similar. 

It should be noted that the cutoff of the 
frequency spectrum of H(jw) will not 
ordinarily be as well defined as it appears 
in Fig. 7, but will usually have a long 
tail. This will complicate the situa- 
tion somewhat; however, the above 
considerations will yield a tentative value 
of Q or T which can be checked by deter- 
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Fig. 12. Comparison of true and approximate frequency spectra of simple lag network 
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mining the agreement between the fre- 
quency spectra of H(jw) and Hp(jw) based 
on the tentative value. An example 
follows to illlustrates this. 

The illustration chosen is a simple 
lag network represented by the Laplace 
transfer function: 


Pigiaie 


s+A Oe) 


The impulsive response h(t) of this ele- 
ment is plotted in Fig. 8. From equa- 
tion 15, the dominant time constant is 
T=1/A. A tentative value of the sam- 
pling interval equal to T=1/2A is thus 
chosen. Fig. 9 shows h(t) based on this 
value of 7. The frequency spectrum 
H(jw) is shown in Fig. 10, and the fre- 
quency spectrum of H*(jw) in Fig. 11. 
It should be noted that the superimposed 
curves most be added vectorially, since 
there is also a phase angle associated with 
each amplitude. Fig. 12 is a plot com- 
paring the frequency spectra H(jw) and 
(jw) when T=1/2A. The correspond- 
ence between the two curves is good, and 
on this basis we would say that the 
tentative value of T=1/2A is satisfactory. 


The author has experimentally confirmed © 


this; satisfactory agreement between cal- 
culated and experimental results was ob- 
tained forasystem represented by equation 
15. Also studied were higher-order sys- 
tems which also gave good agreement be- 
tween calculated and experimental re- 
sults. We conclude that correspondence 
between H(jw) and H,(jw) similar to that 
shown in Fig. 12 is acceptable for practical 
engineering calculations. 


Errors 
The error between the output calculated 


using the principle of equivalent areas and 
the true output is always a function of the 
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system, the input to the system, and the 
value of T used. While it is possible to 
derive mathematical expressions which 
give the error as a function of these vari- 
ables, it is not possible to evaluate them 
unless the exact form of the input is 
known. It appears to the writer that the 
considerations discussed provide the best 
practical guides to choosing the largest 
value of T which will yield satisfactory re- 
sults. In the case of pulsed systems, the 
interval between pulses is usually the 
natural choice for 7, since it must be small 
in relation to the significant time con- 
stants of the system, and the periods of 
the significant components of the input 
signal. 


Principle of Equivalent Areas 
Restated 


In conclusion, and in the light of the 
preceding discussion, the principle of 
equivalent areas is restated as follows: 

The output of a linear system at the 
uniformly spaced sampling instants t=nT 
to some input forcing function r(é) is 
uniquely determined by the dynamic 
characteristics of the system (its im- 
pulsive response or Laplace transform 
transfer function) and a set of numbers 
In, based on the input, which represent 
the time integrals of the input evaluated 
over the individual sampling intervals; 


1.€., 

nT 
In= ib r(t)dt 

aT— 7 
which, given a plot of 7(é) versus time, is 
the area under the curve between t=nT— 
T and xT. Two forcing functions which 
may have different instantaneous time 
characteristics, but which yield the same 
set of J, values are said to -be 
equivalent according to this principle, 
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since they will produce the same 
puts at the sampling instants. 

Thus, for equivalence forcing funct 
are required to satisfy 


nT nT 
i r(t)dt= f r'(t)dt 
nT—T aT — 2 


for all » from — © to m, where c(mP) 
the output at the latest sampling ins 
in which we are interested. If initi 
conditions are given at t=mTZ then 
need only satisfy this relation for va 
of n from mp to m, since knowing the initj 
conditions is equivalent to knowing ¢h 
inputs for ¢<moT, as far as the subseqt 
behavior of the system is concerned. 
The principle of equivalent areas is¢ 
approximation whose validity depe 
upon the characteristics of the dynam 
element and the input to that elemen 
The approximation depends upon th 
time interval 7, and can be made as goo 
as desired by making T small. The t 
practical guide to choosing a valu 
T which yields a satisfactory approx 
mation is to make Q=27/T at least t 
the highest significant frequency of 
input and the highest significant 
quency of the spectrum of the dyna 
system. A tentative value of T car 
confirmed by comparing the frequene 
spectrum of the continuous system He) 
and the frequency spectrum of an appt 
imating system which has a staircase 
pulsive response Hp(jw), based on th 
tentative value of T. Fig. 12 is @ 
example of an acceptable fit. ) 
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Performance of Electrical Connectors 


at High Altitude 


ARLIE L. COATS 


NONMEMBER AIEE 


IE PERFORMANCE of electrical 
‘connections at high altitudes has 
1 reasonably well explored in recent 
‘$ up to approximately 65,000 feet, 
ch has been sufficient for most elec- 
al purposes in connection with aircraft. 
vever, the data are no longer adequate 
to the extreme altitude requirements 
present flight vehicles. 
he problems of obtaining reliable in- 
nation in the altitude ranges in which 
are presently interested are much more 
cult to solve, as are also the problems 
trying to improve the existing per- 
nance characteristics at these altitudes. 
n the range from sea level to 65,000 
. the pressure drops from 760 mm 
llimeters) Hg to approximately 43 mm 
Observations of electrical break- 
yn sparkover and corona are not un- 
y difficult to make and to distinguish 
from another in this range of pressures. 
wever, between 65,000 and 300,000 
t the pressure drops from approxi- 
tely 42 mm Hg to approximately 5 
‘rons Hg. For the geometry involved 
electrical connectors, this pressure 
ge encompasses a critical point in 
etrical performance. 


inimum Sparking Voltage 


[t has long been established that all 
ses have a minimum sparking voltage 
ow which a spark cannot occur regard- 
s of density or spacing of the gap. 
is is in accordance with Paschen’s 
y which, simply stated, says that the 
arkover voltage between electrodes is a 
iction of the density and the length of 
2 gap separating the electrodes, As this 
oduct is decreased the sparkover voltage 
tween electrodes is decreased until the 
nimum sparking voltage is reached. 
ther decreases in the product result in 
sreases in the sparkover voltage. 

A widely quoted theoretical value for 
is minimum sparking voltage for air is 


per 60-984, recommended by the AIEE Aero- 
ace Transportation Committee and approved by 
» AIEE Technical Operations Department for 
sentation at the AIEE Pacific General Meeting, 
n Diego, Calif., August 8-12, 1960. Manuscript 
smitted April 8, 1959; made available for print- 
; June 16, 1960, 
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346 volts for uniform fields. Competent 
authorities state that 275 volts is an 
absolute minimum voltage below which 
sparkover cannot occur in air under any 
circumstances. ! 

With the type of terminations involved 
in electric connectors and the termina- 
tion spacings applicable, this minimum 
sparking voltage is encountered in the 
range of 100,000 to 200,000 feet. The 
value of the minimum sparking voltage 
observed is approximately the same, in- 
dependent of the contact spacing in the 
range of spacings applicable. Changes 
in contact spacing change the density at 
which the minimum sparking voltage is 
observed but do not significantly change 
its value. 

Further decreases in density result in a 
rise in sparkover voltage which, if fol- 
lowed to the extreme, results in sparkover 
voltages many times greater than those 
found at sea level pressures. This 
phenomenon has resulted in the develop- 
ment of high-vacuum devices wherein 
dielectric strength up to 5,000 volts per 
mil is obtained. 

This phenomenon also looks inviting 
to the designer of circuits for vehicles 
operating at altitudes where its effect can 
be utilized. The effects of intense radia- 
tion and other ambient conditions existing 
in space on these electrical performance 


characteristics are not generally knowt 
and are beyond the scope of this paper. 
Assuming, however, that good electrical 
performance can be obtained in the ex- 
tretne low-density areas of outer space, it 
is still necessary to pass through the 
very critical area between 100,000 and 
200,000 feet to attain this region. Tele- 
metering circuits and other control cir- 
cuits must function while passing through 
this critical range. 


Test Criteria 


At sea level pressures and up to approxi- 
mately 65,000 feet, data on sparkover 
voltages and corona are easy to obtain 
and the criteria for breakdown are not 
difficult to establish; however, as the 
minimum sparking potential is ap- 
proached, this criterion for sparkover be- 
comes increasingly difficult to establish. 
It is difficult and possibly not practical 
to try to distinguish between corona and 
sparkover, as the characteristics of these 
phenomena are greatly changed from 
those at higher densities. Corona dis- 
charges at each electrode gradually appear 
and gradually grow larger as voltages are 
increased, until the glow encompasses 
both electrodes. 

To set a criterion of the first incidence of 
corona, or for the extinction of corona, 
requires a definition of the corona detec- 
tion device as the sensitivity of the detec- 
tion device then becomes the controlling 
factor. A visual criterion may be estab- 
lished. Working in a dark room, dis- 
charges can be readily observed and a 
criterion of first visual appearance of dis- 
charge can be called breakdown. This 
appears to be a practical level at which to 
set the criterion but may not always be 


CORONA DETECTION CIRCUIT 
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Fig. 1. 
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BREAKDOWN VOLTAGE VS ALTITUDE 


——w— CONTACT SPACING 5/16 APPROX AIRGAP 
CONTACT SPACING 1/16 APPROX AIRGAP 


BREAKDOWN POTENTIAL AC PEAK VOLTS X 100 


PRESSURE ALTITUDE X 1000 FT. 


(A) 


100 


BREAKDOWN VOLTAGE VS ALTITUDE 
UNPROTECTED CONTACTS. OPEN CONNECTOR 
—-—-— CORONA ONLY SPARKOVER PRECLUDED WITH 


BREAKDOWN POTENTIAL AC PEAK VOLTS X 


PRESSURE ALTITUDE X 1000 FT. 
(B 


Fig. 2. Breakdown voltage versus altitude 


practical for other reasons. A simple 
corona detection circuit with a sensitivity 
roughly corresponding to this visual level 
is perhaps a more practical tool. Sucha 
circuit has been used by various groups 
and has provided useful information and 
good correlation among different labora- 
tory groups. Fig. 1 illustrates such a 
circuit. 


As the lower densities are reached and 


the minimum sparking potential region 
is passed, the characteristics of the dis- 
charge gradually change until corona and 
sparkover can again be separately recog- 
nized as more closely resembling the 
characteristics observed at sea level opera- 
tion. 

Fig, 2(A) illustrates data obtained on 
two electrical connectors of widely differ- 
ent contact spacing through this critical 


: C x OK 
Aq LIS Da ae 


SS 


AIR SPACE AT SEA 
LEVEL PRESSURE 


Fig. 3. 
resistant 
and cable assembly 


Corona- 
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connector 


range. ‘These samples represent appro 
mately the maximum and minimum spé 
ings practical in electrical connectors, at 
illustrates the fact that improved p 
formance in this critical range cannot h 
solved by providing wider spacing betwee 
contacts. A visual observation in a darl 
room was the breakdown criterion used fo 
these data. 


Improving Performance 


The obvious solution to the probleme 
improving performance in this region is 
imbed the terminals in plotting co: 
pound or in resilient grommets 
provide continuous insulation, thus pre 
venting sparkover. This also require 
a seal at the mating joint of the con 
nector. 

This approach is being used in mamy 
applications. However, most presen! 
designs are not sufficiently reliable 
use in carrying voltages higher than thos 
that can be carried on an open connector 
rather they serve to provide moisture 


_ proofing and freedom from contamination 


A very high degree of reliability of sealin 
is required if voltages above those thai 
can be demonstrated on open connector: 
are to be used. 


If it is assumed that the approach jus 
described, in improved form, will reliably 
prevent actual sparkover, the voltage 
rating of the connectors in many case: 
still cannot be increased because coron 
will continue to be a severe problem. | 

Fig. 2(B) illustrates this condition; # 
shows that on an imbedded connecto 
corona can occur at a voltage approxi 
mately the same as that at which break 
down has occurred on the same connecto 
with unprotected terminations. Visué 
observation in a dark room furnished the 
criterion for these data. | 

The point at which the wires enter 
metal shell of the connector is a particula 
stress point; the conditions at this poi 
will cause corona to occur there first. 
similar condition, however, will exis 
any place along the wires where they af 
adjacent to a ground surface. Simpl 
shielding of the cables will not materialk 
improve this condition; to be effective 
the shield must beso installed that noaira 
reduced density can exist between th 
shield and the cable insulation. 

A technique for successfully handlin; 
this condition has been worked out. 
calls for a harness assembly with a gas 
tight outer sheath sealed to all connectors 
The shields are carried inside the gas-tigh 
sheath and so terminated at the conne Ko) 
shells that no particular stress poi : 
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st. In plotting the contact termina- 
ms extreme care must be taken that no 
bubbles exist in the compound, as they 
1 be subject to corona. A special con- 
ctor was designed to provide a reliable 
in joint seal for the shell components. 
end interference seal of resilient dielec- 
e insulators alone will not provide 
rona-free operation. All internal parts 
the connector must be maintained at 
rmal air density to control corona dis- 
larges. : 
Fig. 3 illustrates the design concept of 
is approach. This type of harness-and- 
mnector combination will provide corona 
ee operation of critical altitudes of volt- 
yes in excess of those that could normally 
semployed. Laboratory models of this 
ype have been found to be corona free 
woughout this critical altitude range 
ith voltages as high as 1,000 volts rms 
-¢c. The corona detection circuit of Fig. 
was used for this work. Visual observa- 


tion under these conditions is not satis- 
factory. 

Due to the extreme care required in 
manufacturing, however, this level of 
performance is difficult to maintain reli- 
ably. With present techniques, voltages 
in excess of 800 volts rms should not be 
planned for this approach. 


Conclusions 


In the altitude range, of 100,000 to 200, 
000 feet, a critical pressure is reached at 
which the air gaps between wire ter- 
minations in electric connectors exhibit 
their poorest electrical breakdown char- 
acteristics. Electric circuits that must 
operate in this range in unpressurized 
areas can be expected to experience break- 
down at voltages less than 300 volts peak 
unless special provisions are made. 

Applying a normal safety factor, it 
would be well to limit operating voltage 


on unprotected connectors in these areas 
to approximately 150 volts peak. 

Elimination of sparkover presents, 
theoretically, a relatively simple prob- 
lem, but practically it is difficult to solve 
with sufficient reliability for good en- 
gineering practice. 

Accomplishing the elimination of corona 
presents a more difficult problem than 
the elimination of sparkover but it is 
possible with special handling of circuits. 

The effects of solar and cosmic radiation 
and other high-altitude ambient condi- 
tions on these electric circuit performance 
characteristics must be studied. Such 
studies, to be most useful, should be made 
on complete wiring systems installed as in 
service. 
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Design and Development Problems of 


Radiation-Resistant High- I emperature- 


Tolerant Electronic Equipment 


Components 


J. GRAY STUART 


NONMEMBER AIEE 


UCLEAR RADIATION and high 
temperature encountered near an 
yperating atomic reactor reduce the life- 
ime of electronic control equipment. 
Sonventional equipment acceptable for 
ipplications throughout industry cannot, 
n most cases, survive in the environment 
ound in a nuclear reactor. Obviously 
then, to provide reliable reactor controls 
‘or long-term service, more reliable com- 
sonents that can withstand the influence 
f radiation and high temperatures need 
0 be found. 

The Aircraft Nuclear Propulsion De- 
gartment of the General Electric Com- 
sany (GE) is engaged in a research and 
Jevelopment effort to produce a nuclear 
power system for aircraft propulsion. 


Space for the power plant within an air 


frame is necessarily limited; therefore 
much of the control equipment must be 
placed closer to the core than in any other 
reactor application. 
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Realizing that certain electronic equip- 
ment would be operating near the shield 
structure of their aircraft nuclear power 
plant, GE in 1954 initiated a study to 
develop components that would raise 
radiation and temperature barriers. By 
1956, progress had been made: A 3-stage 
preamplifier was operated successfully in a 
high neutron flux exposed to a tempera- 
ture of 1,000 degrees Fahrenheit. It was 
one of several pieces of equipment demon- 
strating feasibility. 


Materials 


The basic problem in developing this 
circuit was to find materials with the 
characteristics required for electronic 
equipment that could also withstand the 
reactor environment. The effects of high 
temperatures on materials, of course, have 
been determined over the years, but the 
effects of radiation have yet to be fully 
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explored. Radiation damage varies with 
the kind, amount, and rate of radiation; 
the elemental composition of the mate- 
rial; the molecular composition of the 
material; and the volume of the material 
that is subjected to irradiation. The kind 
of radiation to which a material is sub- 
jected affects the extent of damage, but 
not all classes of materials are damaged 
by all of the energy transfer processes. 

There are three interactions that cause 
damage; ionization, displacement, and 
transmutation. The effects of the inter- 
actions vary with the makeup of the 
materials. For instance, ionization re- 
duces the effectiveness of certain resistors 
in a radiation field, but it does not appre- 
ciably affect the conductivity of wire. 
Displacement of atoms as the result of 
collision with radiating particles causes 
materials to become embrittled. Trans- 
mutation, which is an actual change in the 
nucleus of an atom introduces foreign 
matter that may change the engineering 
characteristics of the original material. 

In the evaluation of materials for radia- 
tion tolerances and resistance to high 
temperatures, the following information 
was sought: 


1. The temperature at which materials 
deform physically. 
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Table |. Sensitivity of Engineering Properties to Radiation 
Degree of 
Irradiation Material Result 
1014 Germianitiny transistOfc.ecisieinels ale ole eieine loss of amplification 
(Gl ass ierevetase ors oie rete tatnt ste layetersst iwistons ‘ssolare sialete coloring 
10 Polytetrafluorethylene } . loss of tensile strength 
Polymethyl methacrylate and cellulosics 
Water and least stable organic liquids...... gassing 
1036 Naturaliand butyl rubbers sciccsss oc 1s <9 loss of elasticity 
Organic liquids? jor < «sae «eselsisieraciers.s) s/o nieiete gassing of most stable ones 
10” Bubylevub bers scieciiactetreere osieaieeles eal elate « large change, softening 
Polyethylene : 
Mineral-filled phenolic = atte «.+.....-.-loss of tensile strength 
1018 Natural: rubbers sncuevemene cs tes oe oni large change, hardening 
Hydrocarbon ioils.nscinc soe seein alne ee cca sver increase in viscosity 
Mietalsiiaicc nats nereinsaneteiae el cteliare's els tirae most show appreciable increase in yield 
strength 
Carbot steel \..c.ncrtasdavaccrsesrisioiiraen reduction of notch-impact strength 
1019 Polystyrene): ncn 6 snterevant auste tetera Bet ols. ocorare ay ert loss of tensile strength 
Geramicsee 8 oth isnkcs sitaeicitertasre st coe reduced thermal conductivity, density, 
crystallinity 
1020 ANU DIASEICS ty eater iof-y ovale che chars pe thays.c,'0\ cel ohete unusable as structural materials 
CWarbomlstecls. a oat ce itaccicit sore aetna severe loss of ductility, yield strength doubled 
Carbon steels’ cya: cisje,o/0,2 a(alerste stale ueteaiee are increased fracture-transition temperature 
107 Aluminum eet Casnoon ain Cone saeteroccd ductility reduced but not greatly impaired 
Stainless steels 


2. The ability of materials to conduct 


electricity. 


3. The temperature which oxidation be- 
comes excessive. 


4. The effect of prior treatment (heat 
treatment, mechanical treatment) on the 
materials. 


5. The effect of nuclear radiation on 
chemical composition. 


6. The effect of impurities. 


8. The effect of surface imperfections on 
physical integrity. 


Table I indicates the results of irradi- 
ating materials that are often used in elec- 
tronic components. From the table it 
may be seen that the susceptibility of 
various materials to change as the result 
of irradiation varies widely. The changes 
noted in the table were in most cases at 
least 10%. 


Design 


After materials testing and evaluation, 
the preamplifier circuit shown in Fig. 1 
was designed. Individual parts ulti- 
mately selected for the circuit were as 
follows: 

1. GE ceramic single-triode tubes. 


2. Platinum leads, spot-welded to the tube 
elements. 


3. Standard 7-pin ceramic tube sockets 
secured with Saureisen cement. 


4. Titanium-strontium resistors. 
Phlogopite mica. 


6. Alumina chassis. 


= 


Platinum connecting pin. 


% 


Single-twist gold-brazed connections. 


However, before the final configuration 
and materials were successfully in test, 
material had to be substituted and fabrica- 
tion techniques refined. New capacitors 
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and vacuum-tubed resistors had to be 
developed. Component cases, lead con- 
firmation, and mounting provisions had 
to be standardized. Better connection 
methods between component parts; suit- 
able chassis and base materials; me- 
chanical design and shock mounting pro- 
visions; and simplified assembly and test- 
ing techniques had to be worked out. 
Among the problems encountered was 
that concerning procedures for working 
with materials such as titanium, which 
had not yet been established. Welding of 
titanium to platinum proved trouble- 


Fig. 1. Preamplifier blow-up circuit, 
spot-welded to tube elements. 3—Tube sockets standard 7-pin ceramic secured with 


Saureisen. 4—Titanium-strontium composition resistors. 
mica on inconel case and stainless steel separators (310SS). 6—Alumina ceramic chassis: 
8—Single-twist connections brazed with gold. 9—Fibergla 


7—Platinum connecting pin. 


1—GE ceramic single-triode tubes. 2—Platinum lea d: 


some, merely because of limited expe 
ence with these materials. a 

The preamplifier shown in Fig. 2 
high-impedance input to a high-gai 
plifier first stage, which was capac 
coupled to the second-stage am 
which in turn was capacitive-coupled t 
cathode follower of low-impedance oui 
put. 


Testing 


Operating characteristics were e 
lished in a high-temperature test 
to operation of the circuit in the reactog 
It was operated, to establish reliability, fd 
115 hours at 500 degrees centigrade, 
which temperature it had a gain of 1 
and a flat frequency response from 3 
80 ke. 

When placed in the reactor, the pre 
amplifier operated satisfactorily for 
hours. It exhibited the same opera 
characteristics as those evident in the 
temperature test. While in the rea 
preamplifier received a total radiation 
of approximately 1.510" neutrons 
square centimeter. Operation was 
minated when a tube short-circuited. 
short circuit was attributed to an electriea 
failure and was probably not a reall 
of radiation. When the short-cire cs 
tube was replaced, the preamplifier cire 
was again operable. . 

The successful test of this circuit estah 
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et a 


ig. 2. High-tension radiation resistant circuit 


ished the feasibility of designing electric 
omponents to operate in a high-tempera- 
ure radiation field. For the aircraft 
luclear propulsion application, it demon- 
trated that electronic components of this 
lature may be used advantageously with- 
ut space-consuming and power-consum- 
ng cooling equipment. 


Additional Development Work 


Although a success from the viewpoint 
4f sustained operability in a reactor en- 
vironment, the testing of the preampli- 
ier circuit left problems that still require 
nvestigation. The use of expensive 
naterials such as platinum is impractical. 
Cheaper materials with equal or better 
oroperties must be developed. Also it 
was felt that the component would 


Fig. 3. Shock mounting for circuit 


be ruined if there were any vibration 
while the component is in the reactor. 

To overcome the vibration problem, 
further research was conducted. The 
container shown in Fig. 3 proved quite 
satisfactory. The component base plate 
was made of a ceramic material, into 
which nickel tie points that extended 
through the base were cemented. The 
completed assembly was inserted into the 
container, which had locating tracks that 
provided a degree of shock mounting. 


However, most of the shock was absorbed 
by the powder that occupied the remain- 
ing space in the container. The top 
plate of the container was seated in a 
resilient gasket. The packed container 
underwent vibration and shock tests with 
no adverse effect on the assembly. 


Conclusions 


The need for high-temperature and 
radiation-tolerant components is ex- 
pressed throughout the atomic energy 
industry. Nuclear detectors that can 
operate reliably at elevated temperatures 
are being developed as reactor technology 
advances and improvements in materials 
allow higher and higher operating tem- 
peratures. 

Molecular engineering studies of the 
relationships between ionic, atomic, elec- 
tronic, and physical-chemical factors 
must be fostered to obtain factual data, 
for further experimentation. 

As is generally the case, dissemination 
of information in a new field can save 
time and money, and provide a new set 
of standards for applications not covered 
by the handbooks. 


Neutral Grounding as Applied to 
Marine A-C Systems 
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B=LECTRIC POWER first became 
common on shipboard around the 
turn of the century. At that time it was 
solely for lighting, and the rating of the 
plants was, of course, very small. Since 
that time, and particularly within the last 
several decades, the growth of shipboard 
electric plants has been extremely rapid. 
In the middle 1930’s it was a raze 
passenger vessel which had more than 
2,000 kw installed. Today there are 
passenger vessels being designed which 
will have a 10,000-kw installed capacity. 
In cargo ships, the growth has been even 
greater. The Liberty ships, designed as 
late as the early 1940’s, have only 60 kw 
installed. Today there are few modern 
cargo ships built, either in the United 
States or abroad, without at least 1,200 
kw installed. These increases have been 
occasioned by the greatly increased power 
requirements of the modern ship. For 
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example, lighting levels are much higher, 
electronic aids to navigation are much 
more powerful and numerous, most 
modern ships are air-conditioned, galleys 
are almost entirely electric, electric cargo- 
handling equipment has almost com- 
pletely replaced steam-driven winches, 
and machinery plants use far more motors 
for auxiliary drives than in the past. 
Prior to World War II, commercial 
shipboard electric plants were almost 
universally d-c at 240/120 volts. In the 
United States, distribution systems were 
commonly 3-wire, with lighting at 115 
volts and power equipment at 230 volts. 
Abroad, there were some 2-wire distribu- 
tion systems, with both power and lighting 
at 230 volts. More commonly, however, 
foreign ships were built with 240/120-volt 
generators, power loads being supplied by 
2-wire distribution at 230 volts, and light- 
ing being supplied at 115 volts by 1-wire 
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distribution with hull return. As the 
size of plants and the numbers of electric 
motors increased, a-c systems supplanted 
d-c systems, offering the advantages of 
less weight, less maintenance, greater 
ruggedness, and lower cost. Alternating- 
current marine plants adopted the 450/ 
120-volt 60-cycle 3-phase system which 
had been selected by the U.S. Navy in 
1934. 

Distribution systems for alternating 
current have, to date, been ungrounded, 
3-wire radial type with all feeders 
emanating from the main switchboard. 
The growth of the plants has resulted in 
increased complexity of the entire system, 
and in difficulty in properly co-ordinating 
the design. 

Although predictions of future de- 
velopments are often surprisingly wide of 
the mark, it appears inevitable that ship- 
board electric plants will continue to grow. 
This will probably result in attempts 
to increase voltages and frequencies 
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to effect weight savings in equipment and 
distribution cabling. Increased sophisti- 
cation of equipment, particularly in elec- 
tronics, will probably demand better volt- 
age regulation at the equipment. Solid- 
state equipment is expected to fill this 
need in the relatively near future. 


Present-Day Practice 


Present-day marine electric plants as 
built in the United States are almost ex- 
clusively a-c systems, and have much in 
common with electric systems in industrial 
plants. All modern vessels and most 
industrial plants contain large numbers of 
low-voltage  squirrel-cage induction 
motors. Power distribution in both cases 
is primarily by means of cables. In- 
dustrial plants may purchase their power 
from a utility while ships generate their 
own, but the stepdown transformers and 
substations of the industrial plant are 
generally equivalent to the ship’s service 
generators and switchgear of the modern 
vessel. Shipboard a-c installations are 
fairly well standardized on the basis of 
employing 450-volt generating systems 
and 440-volt motors, whereas the land- 
based equivalent plant would undoubtedly 
employ a 480-volt system with 440-volt 
motors. The marine installation, being 
essentially very compact, can operate 
satisfactorily with the smaller voltage 


spread between generated voltage and. 


utilization voltage. The industrial plant 
loads, on the other hand, would normally 
be more widely scattered and, conse- 
quently, would require a greater spread 
between transformer secondary voltage or 
generator voltage and the utilization volt- 
age. 

The similarities listed here are of a 
general nature, but a closer scrutiny of 
some finer details will show that there are 
aréas in which the components of the two 
systems are practically identical. 

The basic insulating materials em- 
ployed in marine electric machinery are 
exactly the same as those used in in- 
dustrial machines. Total operating tem- 
peratures, ie., ambient temperature plus 
permissible temperature rise, are at least 
as high on marine machinery as they are 
on industrial machinery. Many marine 
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402. Fig. 1. Comparison of weights 
and major dimensions of a 
150-horsepower  1,800-rpm 
motor showing trend toward 
smaller and lighter machinery 
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auxiliaries operate on a continuous basis, 
24 hours a day, until a voyage is com- 
pleted, so it can be seen that the marine 
industry does not pamper the electrical 
insulation. On the contrary, in many 
instances it works the insulation to the 
rated limit. 

Designers of rotating electric apparatus 
are continually striving to make more 
efficient use of the materials that are used 
in the machinery, particularly the copper 
and the iron. As an illustration of the 
reductions in size and weight that have 
been accomplished in the last 27 years, 
Fig. 1 shows the decrease in dimensions 
of a standard 150-horsepower 1,800-rpm 
motor. 

Pyramiding of safety factors in the 
selection of motors for auxiliary drives 
used to be quite common but is done to 
only a limited extent, if at all, today since 
everyone is well aware of the fact that 
lightly loaded squirrel-cage induction 
motors cause low-power-factor operation. 

In view of these three conditions (in- 
sulation worked up to its permissible limit, 
motors and alternators designed to make 
most efficient use of materials, and more 
rational application of safety factors in the 
selection of motors), it is appropriate that 
more consideration be given to the pro- 
tection of modern shipboard electric equip- 
ment against abnormal voltages. One 
way in which increased protection can be 
afforded is by means of neutral grounding 
of the ship’s service system. 

A typical ship will have multiple gen- 
erators, their number and rating depend- 
ing on the expected electric load, available 
standard ratings, arrangements within the 


erators will be 450-volt 60-cycle 3-pha 
machines, usually Y-connected, often w 
the Y point brought out to a terminal 
regardless of whether or not system 
grounding is intended. Untilveryrecently 
it has been standard practice to design the 
system for ungrounded operation. Power 
from the generators will be led to one ¢ 
more main switchboards, which will con 
tain the necessary instrumentation and 
control facilities for paralleling of genera: 
tors and monitoring the system, in add& 
tion to the necessary circuit breakers for 
primary distribution. 
From the main switchboard, 3-phase 
feeders distribute power to the various 
distribution centers and to large single 
power-consuming devices throughout the 
ship. From the distribution centers 
mains distribute power either directly t 
power-consuming devices, or to distribue 
tion boxes, from which submains and 
branches further distribute power 
smaller loads. The distribution system i$ 
radial in nature, with only a single posst 
ble path at any one time from the maim 
switchboard to the power-consuming de 
vice. Fig. 2 illustrates a radial distribue 
tion system. | 
Lighting systems are normally supplied 
120 volts through a distribution system 
essentially separate from the power dis- 
tribution system, but similar in arrang 
ment. Lighting transformers rated at 
450/120 volts are located at the main 
switchboard, or at load centers if the light 
ing load or ship configuration warrant it. 
On several recent ships these lighting 
transformers have been connected delta- 
Y, with the neutral of the secondary 
grounded, This has been necessitated by 
the need for certain rapid start fluorescent 
lamps to have a definite fixed voltage to 
ground for satisfactory operation. This 
is not to say that any appreciable ground 
current normally flows, but rather that the 
secondary neutral is prevented from “‘floa’ 
ing’ as a result of phase unbalance. 
With an ungrounded system, one of the 
instrumentation facilities required by the 


ship, and other design criteria. The gen- regulatory bodies is a set of “ground 
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Fig. 2. Typical radial distribution system 
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ps,” which are three small indicating 
hts so connected that each lamp has 
oss it the potential difference between 
ephase and ground. Ifa ground occurs 
one phase somewhere in the system, the 
ltage to ground decreases on that phase 
d increases on the other two phases. 
he amount of change in voltage to 
round is dependent, of course, on the 
ptal impedance of the ground path. 
‘his change in voltage results in a change 
: relative brilliance of the ground lamps, 
dicating the existence of a ground, 
dJentifying the grounded phase, and giving 
ome information about the impedance 
f the ground. Theoretically, these 
round lamps are regularly monitored by 
he crew, and grounds, when detected, 
juickly tracked down and eliminated. 
racing a ground, however, may often re- 
uire the opening of vital circuit breakers 
nd if the ship is at sea this may be deemed 
ore dangerous than risking the chance 
f the occurrence of a second ground. In 
ddition, human frailties being what 
- are, it is suspected with reasonably 
good evidence, that even if there is no 
danger involved the task will be post- 
poned because it is irksome and time- 
consuming and because the existence of 
one ground does not noticeably affect 
operation. Asaresult, many a nominally 
ungrounded ship on the seas today op- 
erates a good deal of the time grounded, 
albeit improperly so. 

To ‘illustrate this point, the following 
will describe the procedure required to 
locate a ground fault on an ungrounded 
system, 

First, the ground-detection lamps on 
the main switchboard indicate that a 
ground exists somewhere in the system, 
and also indicate which phase is grounded. 
The operating engineer must then: 


1. Open the circuit breakers serving the 
various feeders one at a time, each time 
observing the ground lights to see when 
ground indication disappears. When it 
does, the feeder that is open at the time is 
the one containing the ground. It is im- 
portant to realize that the man must be 
‘aware of exactly what loads are eventually 
served via each feeder, and must then be 
extremely careful of the time at which he 
opens each feeder, so as not to interrupt 
power to any service at a time when it might 
be vital. Even if the loads supplied are not 
strictly vital in the sense of being essential to 
the safety of the ship, there is certain to bea 
great deal of inconvenience involved in any 
power interruption. An even more arduous 
task confronts the operator when two or 
more grounds exist simultaneously on the 
same phase but not on the same feeder. 


2. After reclosing the feeder breakers, 
proceed to the panel or load center sup- 
plied by the feeder identified as the one con- 
taining the ground and open each panel cir- 
cuit breaker one at a time, observing pre- 


NovEMBER 1960 


cautions regarding power interruption as in 
item 1. Measure the resistance to ground 
of each phase of each main with a meg- 
ohmeter until the grounded main is located. 


3. If this main feeds another panel, dis- 
tribution box, etc., proceed to that panel 
and repeat the procedure as above. 


4. Eventually the location of the ground 
will have been narrowed down to a single 
power-consuming device. This equipment 
is then checked out in detail to pinpoint and 
correct the ground. It may bein a terminal 
box, in a controller circuit somewhere, or in 
the equipment itself. It is far more likely 
that a fault of this type will occur within the 
utilization equipment or its immediately 
associated circuitry than in the main feeder 
cables. 


No matter how conscientious the en- 
gineer may be, he is justifiably reluctant 
to cause all these interruptions of power 
while at sea and so he will postpone this 
task until a more favorable opportunity 
exists, such as time in port. 


Reasons for Grounding 


CONTINUITY 


It is true that the ungrounded system 
has a theoretical advantage as regards con- 
tinuity of service, since a single ground 
causes no interruption of service, and 
grounds are supposedly located and cor- 
rected as rapidly as they occur. In 
practice, however, as noted previously, 
there is a strong temptation to delay 
clearing the first ground because it is a 
distasteful task, and because it is causing 
no obvious harm to the system. Of 
course, the longer the single ground is per- 
mitted to exist, the greater the probability 
of asecond ground developing. While the 
first ground fault remains on the system, 
the other two phase conductors through- 
out the entire system have their operating 
voltage stress increased 73% which makes 
the likelihood of another ground fault 
very much greater as will be explained 
later. When the second ground occurs, 
a line-to-line fault path exists through the 
hull, and an interruption occurs on at 
least one feeder, and more probably two, 
depending on the location of the second 
ground. With a grounded system, the 
first ground results in an immediate inter- 
ruption, locating the ground and facilitat- 
ing correction by the operators. In spite 
of the theoretical advantage of the un- 
grounded system, operating experience in 
industrial systems indicates’ that greater 
continuity of service is experienced on 
grounded systems, since the ungrounded 
system’s theoretical advantage is effec- 
tively negated by the common practice of 
ignoring the first ground. Since designers 
are not likely to succeed any better in the 
future than in the past in any attempt 
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to alter human nature, it would appear 
that intentionally grounding the system is 
advantageous from the point of view of 
continuity of service. 


PERSONNEL SAFETY 


A large number of the personnel 
casualties resulting from electric shock 
are traceable to the existence of a lethal 
potential on equipment enclosures or 
other places normally thought of as 
“safe.” Unintentional grounding of live 
equipment to its enclosure, as a motor 
winding to its frame, will inevitably oc- 
cur sooner or later. If the erclosure is 
effectively insulated from the ship’s 
structure, as would be the case if it were 
supported on vibration mounts or on non- 
conducting materials, the enclosure would 
present a definite shock hazard to per- 
sonnel contacting it. A ground system 
would lessen, to some degree, the hazard 
to personnel for two major reasons: 


1. The voltage to ground with a grounded 
neutral system is fixed; in the case of the 
usual 450-volt system, it cannot exceed 260 
volts. Inthe case of an ungrounded system 
the voltage may be the full line voltage of 
450 volts if a ground exists on another phase 
elsewhere in the system, or it may be some- 
where in between because of floating of the 
system neutral. True, the 260 volts is quite 
capable of killing, but under a given set of 
circumstances, with a certain skin, clothing, 
etc., resistance in the man, the lower volt- 
age is always less likely to drive lethal cur- 
rents through the man’s body. Additionally 
the ungrounded system is subject to the 
possibility of very high overvoltages created 
by resonance, as discussed hereafter, which 
greatly increases the possible personnel 
hazard. 


2. Probably more important, we are again 
faced with the nature of the human being. 
When a man thinks he is dealing with an un- 
grounded system, he is apt to consider him- 
self safe so long as he contacts only one phase 
of a live circuit, and theoretically he is cor- 
rect. However, as has been pointed out be- 
fore, this is seldom the case. There may be 
a ground on another phase elsewhere, or even 
if not, it is possible that the unavoidable 
capacitive ground of the system may permit 
sufficient current to flow to harm the person 
seriously. This state of mind is not possible 
with a grounded system, as every man is 
aware that he can be killed by contact with 
any live conductor, and so is much more 
careful. 


OVERVOLTAGES 


Three types of overvoltages which can 
occur on ungrounded systems are elim- 
inated by intentional neutral grounding. 

- The first of these is the type occurring 
when a single ground exists somewhere in 
the system. The normal voltage to 


ground of each phase is 450/+/ 3, or about 
260 volts. Ifone phase develops a ground, 
the voltage to ground of the other two 


343 


1,000,000/ | 
RATIO 


4.33/| 
RATIO 


IMPRESSED VOLTAGE STRESS 
MULTIPLES OF THE 1 MIN BREAKDOWN STRENGTH 


278HR 


10° io! 02 103 104 105 106 
TIME TO BREAKDOWN , SECONDS 
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phases becomes full line-to-line voltage, 
or 450 volts. This is an overvoltage 
of 73%, which is not dangerously high, 
but which will definitely increase the 
probability of a second ground fault if 
maintained for any appreciable time. 
The influence of the time element is 
illustrated in Fig. 3, which is a plot of the 
impressed voltage stress against break- 
down time for class A insulation. Note 
that an insulation which can withstand 
an impressed voltage of two scale multi- 
ples for 1 second can withstand an im- 
pressed voltage of one scale multiple for 
1minute. Similarly, the same insulation 
can withstand one-half multiple for a little 
more than 3 hours. It should be remem- 
bered that the tests illustrated in Fig. 3 
were conducted under laboratory condi- 
tions and do not take into consideration 
such factors as the presence of moisture, 
dirt, or high ambient temperatures. Be- 
cause of the habit of not clearing the first 
ground, the insulation may be subjected 
to this overvoltage for a large percentage 
of the time. This type of overvoltage is 
impossible on grounded systems since the 
voltage to ground throughout the system 
is firmly fixed by the intentional ground- 
ing of the neutral. 

The second type of overvoltage possi- 
ble on ungrounded systems is somewhat 
less probable, but also far more dangerous. 
As has been mentioned before, every 
“ungrounded” system is inevitably 
grounded through the distributed capaci- 
tance of the system. Additionally, every 
shipboard power system necessarily in- 
cludes many inductive reactances; for 
example, controller coils. It is possible 
for a ground to occur at such a point that 
a series resonant circuit through ground 
is created, which results in extreme over- 
voltages to ground. These overvoltages 
could possibly reach 10 or 20 times nor- 
mal, and some 4 and 5 times normal have, 
in fact, been observed. This type of over- 
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voltage is usually characterized by num- 
bers of simultaneous insulation failures 
throughout the system, with many 
grounds and burned-out coils, motors, 
etc. 

Third, there is the intermittent or 
“sputtering” ground fault. Faults of 
this nature may be created by vibration 
causing an electric conductor inter- 
mittently to make contact with ground. 
Intermittent faults on low-voltage systems 
have been observed to create overvoltages 
of five or six times normal in several in- 
stances. A complete explanation of the 
mechanics of this type of fault is given in 
reference 1 and need not be repeated 
here. 

All of these types of overvoltage can be 
effectively eliminated by grounding the 
system neutral through an appropriately 
selected impedance. Selection of an 
appropriate impedance is discussed in the 
following. 


Methods of Grounding 


Examination of the literature defining 
and describing grounding®® practices in 
power systems shows that several differ- 
ent methods are recognized by the in- 
dustry. Each one of the methods de- 
scribed possesses some advantages over 
the others when it is scrutinized for use in 
a particular system. The various meth- 
ods are as follows: 


Solidly grounded (directly grounded). 
Effectively grounded. 
Resistance grounded. 


Reactance grounded. 


SH pee SS RO 


Resonant grounded (tuned grounded). 


SOLIDLY GROUNDED 


AIEE Standards 
grounded” as follows:? 


define  ‘‘solidly 


“Solidly grounded means grounded through 
an adequate ground connection in which no 
impedance has been inserted intentionally. 


“ Note. ‘Adequate’ as used herein means suit- 
able for the purpose intended.” 


In industrial practice solid grounding 
refers to the connection of the neutral of a 
generator, power transformer, or a ground- 
ing transformer directly to the station 
ground. It cannot be considered as pro- 
viding a zero-impedance neutral circuit 
because of the reactance of the windings of 
the grounded apparatus. Solid ground- 
ing of the neutral of a generator, for ex- 
ample, may cause the line-to-ground fault 
current in the faulted winding to exceed 
the 3-phase short-circuit current capa- 
bility of the generator. Since, in normal 


practice, the windings of the machine are 
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‘1. Low-voltage switchgear invariably em 


braced to withstand the mechanical forees 
created by the 3-phase short-circuit « 
rent, solid grounding of such a ma 
could result in damage in the event 
line-to-ground fault. On the other hai 
solid grounding of the neutral of a tra 
former bank which is the only sour 
power for a particular system is usually 
correct since the reactances of a trams 
former will normally be such that m 
more current will flow during a line-to: 
ground fault than will flow during a 8 
phase short circuit. ‘ 


EFFECTIVELY GROUNDED 


AIEE Standards offer this definition 6; 
effective’ grounding: 


“Effectively Grounded. A system or por 
tion of a system may be said to be effectivelj 
grounded when for all points on the sy: 
or specified portion thereof the ratio of z 
sequence reactance to positive sequence fe 
actance is not greater than three and the 
ratio of zero sequence resistance to posit 
sequence reactance is not greater than 0 
for any condition of operation and for any 
amount of connected generator capacity. 
“Note. When the entire system is 
effectively grounded, a specified portic 
of the system may be said to be effectively 
grounded when for all points on the specified 
portion of the system the requirements are 
satisfied.” 


Grounding of low-voltage systems, 6 
volts and below, is practically always 
accomplished by effective grounding. 
the case of Y-connected generators, it is 
accomplished by the insertion of a low 
ohmic-value reactor in the generat 
neutral circuit. The ohmic value of the 
reactor is determined primarily by the 
generator reactances and it is of such 
value that it limits the line-to-ground 
fault current to a value not in excess of the 
3-phase short-cireuit current. Thus, in ai 
effectively grounded low-voltage circuit 
the ground fault currents will be high 
This is done deliberately for the followin 
reasons: 


ploys circuit breakers embodying direct 
acting series-trip devices which require higt 
currents for successful operation. 


2. Correctly selected low-voltage circu 
breakers are extremely fast in operation a 
clear the circuit before any significant dan 
age can result from fault currents with 
their ratings. 


' 
RESISTANCE GROUNDED | 


: 


“Resistance grounded” is defined a 


follows :3 
“Resistance grounded means ground 
through impedance, the principal elem 

of which is resistance, } 


“Note. _The resistance may be inserte 
either directly in the connection to ground, fe 


' 
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dividually, as for example, in the secondary 
a transformer, the primary of which is 
mnected between neutral and ground, or in 
ies with the delta-connected secondary of 
Y-delta grounding transformer.” 


Resistance grounding of generators will, 
course, be accomplished by the insertion 
one or more resistors in the path be- 
ween the generator neutral and ground. 
-is chiefly employed in the medium-volt- 
ye (2.4-kv to 15-kv) range. In this 
inge the circuit breakers are not equipped 
oa direct-acting series-trip units and, 
msequently, they do not require high- 
lagnitude currents. The circuit breakers 
re slower in operation than the low-volt- 
pe type. Therefore, it is considered 
esirable to restrict the amount of ground 
wilt current in order to limit the amount 
f damage done prior to the opening of the 
ircuit breaker. Grounding resistors as 
ormally used restrict the ground fault 
urrent to a value somewhere between 5 
nd 20% of the magnitude of the 3-phase 
hort-circuit current of the machine or 
ystem. The actual current value is 
etermined by the requirement of the 
ystem relays. The resistors dissipate 
nergy at a high rate during a ground fault. 
“hey do cause the elevation of the system 
eutral above ground potential during a 
round fault, and because of this the line- 
o-ground voltage of the unfaulted phases 
3 practically the line-to-line voltage of the 
ystem. Resistance grounding, therefore, 
yecause it is primarily designed to fill a 
atticular need in medium-voltage in- 
tallations and because it does not keep 
he system neutral particularly close to 
round potential during fault conditions, 
s not attractive for shipboard use. 


- 


REACTANCE GROUNDED 


“Reactance grounded”’ is defined in the 
ollowing way :* 
‘Reactance grounded means grounded 


hrough impedance, the principal element of 
vhich is reactance. 


‘Note. The reactance may be inserted 
ither directly, in the connection to ground, 
x indirectly by increasing the reactance of 
round return circuit. The latter may be 
lone by intentionally increasing the zero- 
equence reactance of apparatus connected 
o ground, or by omitting some of the possi- 
yle connections from apparatus neutral to 
round.” 


This definition is, of course, a perfectly 
eneral one similar to the definition given 
or resistance grounding and it technically 
mbraces the effective grounding of low- 
roltage generators as previously described 
is well as the resonant grounding prin- 
iple sometimes employed in high-voltage 
ystems and which is described later. 
iffectively then, low-reactance grounding 
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has been covered under the heading ‘‘Ef- 
fectively Grounded.” High-reactance 
grounding in a special form will be covered 
under the heading ‘“‘Resonant Grounded.” 
Except for these two cases, reactance 
grounding is not employed in industry for 
the simple reason that if high values of 
reactance are employed, high overvoltages 
will be developed in the system in the 
event of a ground fault. 
primary reasons for grounding, is to pre- 
vent, as far as practicable, the creation of 
the high overvoltages on the system, the 
use of high-reactance grounding defeats its 
own basic purpose. 


RESONANT GROUNDED 


Again, by AIEE Standard this is de- 
fined as follows: 


“Resonant grounded means reactance 
grounded through such values of reactance 
that, during a fault between one of the con- 
ductors and earth, the rated frequency cur- 
rent flowing in the grounding reactances 
and therated-frequency capacitance current 
flowing between the unfaulted conductors 
and earth shall be substantially equal. 
In the fault these two components of the 
fault current will be substantially 180 de- 
grees out of phase. 


“Note. When asystem is resonant grounded, 
it is expected that the quadrature component 
of the rated-frequency single-phase-to- 
ground fault current will be so small that an 
are fault in air will be self-extinguishing.”’ 


Resonant grounding, or ground fault 
neutralizer grounding as it is often called, 
is a comparatively rare and relatively 
special type of grounding employed 
primarily in systems rated at 15 kv or 
higher and where faults through air are 
the predominant type of fault en- 
countered. Briefly, it consists of a spe- 
cially selected high value of reactance con- 
nected between the system neutral and 


Since one of the. 


fault impresses line-to-neutral voltage on 
the reactor and causes an inductive cur- 
rent to flow. When the reactor or 
neutralizer is properly tuned to the system 
the current that flows through the reactor 
will be approximately equal to the result 
of the charging currents of the two un- 
faulted phases. The two reactive com- 
ponents of the current will be approxi- 
mately 180 degrees out of phase and hence 
will neutralize each other. The remain- 
ing fault current is due primarily to circuit 
resistance and hence is in phase with the 
driving voltage. When the voltage goes 
through zero the current will also go 
through zero and any arcs on the system 
will extinguish themselves. 

The ground fault neutralizer is not suit- 
able for shipboard electric systems since it 
is basically intended for use in systems 
where the insulating medium is self-heal- 
ing and ready for service as soon as the arc 
has been extinguished. Furthermore, the 
neutralizer has to be quite accurately 
“tuned” to the system. This, in effect, 
prohibits the switching of any sizable 
sections of the plant or else it requires 
that the reactor be retuned each time any 
significant portion of the circuitry is 
connected or disconnected. 

The characteristics that result from 
each of the various grounding methods 
described above are summarized in brief 
and contrasted with the system character- 
istics of an ungrounded system in Table 
I 

From this review of grounding practice 
in industry, the particular grounding 
method best suited to marine application, 
can be selected with, of course, the salient 
objectives of grounding in mind. These 
are 


1. Theautomatic segregation of the faulted 
zone to eliminate the painful, time-consum- 


ground. In operation, a line-to-ground ing work that is now necessary with the 
Table I. System Characteristics with Various Grounding Methods* 
Essentially Solid Grounding Reactance Resistance 
———__—_—_—_—_—___——_——————___ Grounding, Grounding, 
Low-Value High-Value Ground Fault Low Re- 
Ungrounded Solid Reactor Reactor Neutralizer sistance 
Current for...... Less than 1%. . Varies, may..Usually....... 5% to 25%....Nearly zero...5% to 20% 
phase-to- be 100% designed fault cur- 
ground fault or greater to produce rent 
in per cent 25% to 
of 3-phase 100% 
fault current ; 

Transient.......- Very high...... INotes. cent INOtanes. den ee Very high...... Not.... setees Not / 

overvoltages excessive excessive excessive excessive 

Automatic....... INOha dane amoe oo MOS i sarees MES sjeie ise, svecssets Wieser tar asus INOn «c/s veterans Yes 

segregation 
of faulty zone ; 

Remarks......... Not recom-....Generally used on systents..Not used. due... Best suited. . .Generally 
mended due (1) 600 volts and below and __ to excessive for high- used on 
to over- (2) over 15 kv overvoltages voltage industrial 
voltages overhead systems of 
and non- lines where 2.4 kv to 
segregation faults may 15 kv 
of fault be self- 

healing 
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present ungrounded systems in the event 
that a ground fault has developed. 


2. The elimination or reduction of the over- 
voltages which exist on ungrounded systems 
when a ground fault is present. 


Recommended System 


Reference to Table I indicates that the 
only two methods of grounding which will 
give the desired results and which are 
applicable to low-voltage systems are the 
solidly grounded and the low-reactance 
grounded methods, both of which come 
under the more modern category of 
effectively grounded. Because the power 
supply of a ship is derived from generators 
and not from large transformers, it is pos- 
sible to ignore the solidly grounded 
method and concentrate on the one re- 
maining choice, an effectively grounded 
system in which the generator neutrals are 
grounded through a low value of react- 
ance. 

Table II contains representative values 
of the significant reactances of each of 
five different ratings of typical marine 
generators. All values in the table are in 
per-cent ohms per phase related to ma- 
chine kva. It should be noted that the 
widest variation of a particular constant 
occurs in the zero-phase-sequence react- 
ance Xo. The zero-phase-sequence re- 
actance of a synchronous alternator is 
primarily a function of the winding pitch 
of the machine and it becomes a very low 
value with a two-thirds pitch. Deviation 
from this particular value of pitch in- 
creases the value of Xo. 

The value of Xo becomes important 
when grounding the neutral of the genera- 
tor since it has a great deal of influence 
on the magnitude of the current that can 
flow in the event of a ground fault on the 
system. It has no influence on the mag- 
nitude of a 3-phase short-circuit current. 

The equation for calculating the 3-phase 
short-circuit current of a generator is 


I (3-phase) = = (1) 


where 
E=line-to-neutral voltage 


X= positive-sequence reactance of genera- 
tor in ohms per phase 


Table Il. 


(Note: A synchronous machine has sev- 
eral different values of positive-sequence 
reactance. Since we are interested in the 
maximum value of short-circuit current, 
we employ the lowest value of reactance 
in this equation. This is the generator 
subtransient reactance.) 


The expression for line-to-ground fault 
current of a grounded neutral generator 
with no external reactance in the circuit 
is as follows: 

3H 


1a ALY a 


where 


X.=negative-sequence reactance of genera- 
tor in ohms per phase 

X)=zero-sequence reactance of generator 
in ohms per phase 


By using the constants of any one of 
the machines listed in Table II, it is found 
that the line-to-ground fault current will 
considerably exceed the 3-phase short- 
circuit current. The 600-kw machine will 
be considered as an example. In order 
to use the reactance values from the 
table and substitute them in equations 1 
and 2, it is first necessary to convert them 
from percentage values to actual ohms 
per phase. This is done by use of the 
equation: 


X(%)Xkv?x< 10 
Base kva 
(in ohms per phase) (3) 


X (ohms) = 


thus 


19.90.45? 10 
35S 0S h 


23.3 X 0.452 10 
ee a =0.0628 ohm 


2.93 X 0.45? 10 
a =0.0079 ohm 


Substituting in equation 1, 


26 
TI (3-ph ee Ay 
(3-phase) 0.0538 830 amperes 
Similarly 
3X 260 780 
Ig= 


0.0538-+0.0628-+0.0079 0.1045 
=7,460 amperes 


Typical Values of Reactance for Marine Generators 


Generator Ratings (All 450 Volts, 3-Phase, 60 Cycles, 0.8 Power Factor), Kw 
Se ee ee 


Reactance, % 400 500 600 750 1,250 
Positive sequence: 
Subtransient Xa’’............ Vay Meme eo Nae L8 an eeeee 109i Ga eae 16.5 20.0 
Transient Xd’............... LS eee ial 19,08 85 2 Fo, aes PEP weet 24.0 
Negative sequence X2.......... LG EA Meserateard 12..0ca5. 5 aes PERC EP Rte Pie anes: 26.0 
Zero sequence Xo.....-..-..... DASE ae. 0:72 aes oats 2.57 ha aos 
SS et a a ec ee ee ee 
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Since the windings of a 3-phase alter 
nator are braced to withstand the stresses 
occasioned by the 3-phase short-cirer 
current, it is easy to visualize the damage 
that might occur if the machine were st 
jected to the line-to-ground fault cur 
rent. 

Reactance can be easily inserted in the 
neutral path to limit the line-to-ground 
fault current and under these circum- 
stances equation 2 becomes: 


OLE 
XitXe+Xot3Xn 


Ig= 


where 


=the reactance of the neutral reactor in 
ohms 
Equating equations 1 and 4 and solvi 
for Xp gives: 
2X,—X2—Xo 


Ne 3 


Substituting the constants of the 600-ky 
generator in equation 5 gives: 


2(0.0538)—0.0628—0 0079 
3 


iid 
=0.0123 ohm 


Colontice of the current rating of t 
neutral reactor involves the use of 5 
tem reactances as well as generator _ 
actances and is adequately covered im 
chapter 6 of reference 1. The current 
rating obtained in this fashion is a therm 3 
current rating. and it defines an nd 
neutral current in amperes which 1 
reactor will carry under certain standa Hy 
conditions for a specified length of tir ne 
without exceeding the defined temper a 
ture limitations. It is assumed to be y: 
constant value during the rated tim 
Neutral grounding reactors are availabld 
with 10-second ratings, 1-minute rating 3 
and 10-minute ratings. Reactors with «: 
10-second rating are normally used 
industrial distribution systems and y 
be more than adequate for marine s vss 
tems. 


Since the typical marine vessel if 
equipped with at least two main generat 
tors, one of which is normally a stand-b 


i 


| 


’ 
. 
. 
j 


unit, and any combination of thess 
generators may be in use at some particd 
5 : ' 5 j 
ular time, it will be best to equip e cl 
generator with its own neutral groundinal 
reactor. By so doing the value of red 
actance in the neutral path will always " 
correct regardless of the number of gener iM 
tors in service. I 
The only significant difference, ther 
between an ungrounded system and 
neutral grounded system is that ‘hs 
grounded system requires that a ne 
point be made available on each gener | 
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OPEN FOR | | 
ys 


ALL TESTS 


©) 


OPEN FOR 
(a) / ALL TESTS 


CLOSED FOR 
ALL TESTS 


APPROX I50FT — 
3/C 150,000 CM 


Fig. 4. Schematic arrangement of test setup on Submarine Tender ‘HW Gilmore” 


tor and that a low-ohmic-value reactor be 
connected between this neutral point and 
ship’s hull. 

For purposes of complete isolation and, 
incidentally, to facilitate insulation resist- 
ance measurements on the generator it- 
self, the installation of a disconnect link 
in the connection between the generator 
neutral and the reactor is recommended 
in order that the machine may be com- 
pletely isolated when necessary. 

The connection to the structure of the 
ship, of necessity, should be well made 
and in a location that will facilitate ready 
inspection. The connection stud, or 
studs, must be well bonded to a main 
member of the ship’s structure. In the 
event that the ship’s generators and their 
associated reactors are reasonably close 
together, then, for simplicity’s sake, it 
would be logical to use but a single con- 
nection to the hull as the ground point. 
On the other hand, if the generators are 
fairly widely separated as they would be 
in the case of a ship with two engine 
rooms, then the generator or generators in 
each engine room should be grounded to a 
stud in each room. Since the fault cur- 
rent originating in a particular generator 
has to return to that generator there is 
certainly no advantage in creating a single 
ground point for all generators regardless 
of their location. To do. so will result 
in unnecessary lengths of ground cable. 

It should be appreciated at this point 
that, when a ground fault occurs, the re- 
turn current will flow in a path which 
parallels as closely as possible the out- 
going power conductor. This is due to 
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inductive reactance. Theoretically, 
then, the metallic armor of the usual 
marine cable would provide an ideal re- 
turn path. The armor, however, is made 
up of a large number of strands of fine wire 
having relative high resistance and, 
therefore, does not constitute an ade- 
quate return path. This apparent short- 
coming does not create any problem in a 
shipboard installation because the cables 
are everywhere in close proximity to the 
metallic structure of the hull which pro- 
vides an excellent return path, as might 
be expected. 

To sum up the recommendations con- 
tained in the preceding paragraphs, they 
are briefly as follows: 


1. Ground the neutral of each generator 
through a low-ohmic-value reactor. 


29. Bond the grounding connection or 
connections solidly to a main structural 
member of the ship. 


3. Provide a means for disconnecting the 
generator neutral from the associated reactor 
when it is desired to isolate a machine for 
any reason. 


Summary of Tests 


Various tests have been conducted by 
several interested parties in attempts to 
obtain reasonable values of hull im- 
pedance. This has been either to support 
or allay fears that hull impedance may be 
sufficiently high to limit line-to-ground 
fault currents in a grounded system to 
values too low to actuate protective de- 
vices, thus resulting in a dangerous situa- 
tion. The test results, although in some 
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‘conductors. 


instances slightly inconclusive and debat- 
able, clearly indicate that hull impedance 
to a fault current is sufficiently low as to 
cause no concern. The tests are sum- 
marized in the following. 


1. Tests on board the Submarine Tender 
HW Gilmore, June 16 and 17, 1959: 

One of the ship’s generators rated at 
500 kw, 450 volts, 3 phase, 60 cycles, was 
employed for this series of tests. One of 
the three generator terminals was dis- 
connected, one was permanently con- 
nected to the end of one conductor of the 
3-conductor steering-gear feeder cable, 
and the remaining generator terminal was 
arranged so that it could be connected 
either to ground or to a second conductor 
of the feeder cable, or to both. In the 
steering-gear compartment, the ends of 
the feeder cable were all tied together and 
connected to ground. With this scheme 
of connections it was possible to send 
current out over the one conductor of the 
feeder and have it returned on another 
conductor, or the current could be re- 
turned via the steel structure of the ship, 
or the return path could be made to con- 
sist of the steel structure of the ship in 
parallel with one of the feeder cable 
These connections are illus- 
trated in Fig. 4. 

Values of current ranging from 423 to 
3,475 amperes were obtained in a series of 
six different tests. The results of all 
of the tests indicated that the return path 
to the structure of the ship was of low im- 
pedance. From this series of tests an 
average impedance of 0.010+-7 0.035 was 
obtained. This can be expressed as Z= 
0.035 at an angle of 72 degrees. Essen- 
tially, this means that the hull return-path 
impedance will have very little effect on 
the magnitude of a fault current and, 
conversely, indicates that there will be 
ample current to cause the tripping of the 
protective device in the faulted area 


2. Tests on board a tanker at Quincy, 
Mass. (Bethlehem Steel Corporation) 
May 19, 1959: 

A series of tests were made on board a 
partially completed tanker. Various 
sources of power were used such as weld- 
ing transformers and soldering trans- 
formers. Current was sent over several 
configurations of cable and returned 
through the ship’s hull structure. The 
results obtained from these tests indicate 
a hull impedance ranging from 0.020 ohm 
for low-current values to 0.027 ohm for 
higher currents on tests made with 190 - 
feet of cable and 170 feet of hull return- 
path circuit. Similar tests were also con- 
ducted using 470 feet of cable and a hull 
return path approximately 470 feet long. 
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As should be expected, the indicated hull 
impedance increased. Hull impedance 
ranged from 0.0272 to 0.0318 ohm. 
These tests, conducted at low to moder- 
ate values of current, essentially con- 
firmed the tests made on the Gilmore. 


Conclusions 


1. Neutral grounding can easily be 
accomplished and, if done in accordance 
with recommended method, will result 
in the effective elimination of the sus- 
tained overvoltages that result from con- 
tinued operation of ‘ungrounded’ sys- 
tems containing grounds. 

2. There is no more probability of 
accidental ground on a grounded system 
than on an ungrounded system. During 
the life of a ship there should be fewer 


grounds on the grounded system than on 
the ungrounded system because of the 
reduction of strain on the insulation due 
to elimination of protracted overvoltage. 

3. Based on tests that have been made, 
the hull return-path impedance of a ship 
will be low and will cause no significant 
reduction in fault current. In this con- 
nection it should be noted that, regardless 
of whether the system is grounded or un- 
grounded, there will be a reduction or 
attenuation of fault currents at the end of 
feeders due to the impedance of the 
feeders themselves. Also, the use of the 
hull as a path for fault current is not 
essentially different from the case on an 
ungrounded system wherein a ground 
occurs at each of two widely separated 
points in the system. ‘ 

4, Faulted circuits will be auto- 


Advantages of Ungrounded Marine 


Electric 


A. M. BRUNING 
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OR MANY YEARS there has been a 

great deal of discussion and interest 
expressed concerning the possibility of 
grounding the neutral of marine electric 
systems. It is the purpose of this paper 
to consider the numerous theoretical and 
practical considerations accumulated over 
the years with regard to industrial and 
electrical utility plants!” from the view- 
point that the ungrounded system is 
superior. In addition to a review of the 
literature, some field test work has been 
performed. 

Almost universally, American ships 
presently use a 450-volt 3-phase 60-cps 
(cycle-per-second) 3-wire system with a 
secondary lighting system(s). The chief 
requirements of these systems are bal- 
anced characteristics of: 


1. A low initial cost of electric plant while 
supplying the required loads. 


2. A low secondary cost as reflected by 
elimination of unscheduled shutdowns lead- 
ing to demurrage. 


3. Low indirect cost arising from the use of 
a large volume of the ship which might in- 
stead be used for carrying cargo or meeting 
some other primary purpose of the ship. 


The required loads, in order of priority, 
are communication and lighting, propul- 
sion, auxiliary fans and pumps, and other 
auxiliaries such ascargo winches, capstans, 
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E. W. LUSBY 
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ventilating blowers, and hotel equipment. 
While it is desirable to have an electric 
plant with a relatively low level of elec- 
trical maintenance, it should be remem- 
bered that the unique degree of autonomy 
of a ship with its complete electric system 
requires the presence of electrical main- 
tenance personnel onboard ship. There- 
fore, system maintenance which does not 
require replacement of parts and does not 
necessitate demurrage is not as expensive 
as an industrial plant which may have to 
call in outside maintenance help for any 
but the simplest electrical work. 

In considering the advantages of an 
ungrounded system, it is necessary to as- 
sume a particular grounded plant design, 
since none of any appreciable rating have 
been built in the United States to date, for 
purposes of comparison. Two possi- 
bilities could be considered for the 450- 
volt circuit: 3-phase 4-wire or 3-phase 3- 
wire systems. It is assumed that the 4- 
Wire system can be eliminated from con- 
sideration as a main power system since 
the increased connection and equipment 
costs would far outweigh any advantages 
gained from the ungrounded system, 

The lighting, communication, and other 
low-voltage equipment would use systems 
supplied through transformers using either 
hull or copper return. 
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matically isolated with a minimum of de 
lay, usually of the order of 2 or 3 cycle 
The irksome, time-consuming, and often 
postponed task of hunting grounds will 
be greatly reduced. ‘ 

5. There will be an effective reduction 
in shock hazard to personnel as a result 
of neutral grounding. a 

6. Continuity of power supply will be 
improved by neutral grounding. { 


q q | 
References 7 


* 


1. InpusTRIAL Power Systems HanpBooK (boo c), 
D. L. Beeman. McGraw-Hill Book Company, 
Inc., New York, N. Y., 1955, chaps. 5 and 6, 


2. GROUNDING or INDUSTRIAL PowErR SYSTEMS, 
AIEE Publication No. 953, Oct. 1956. : 


3. NEuTRAL GROUNDING Devices. AIEE Stand- 
ard no. 32, May 1947, 


(See p. 352 for Discussion) 


3-Phase 3-Wire System 
Considerations 


The following factors have been men= 
tioned from time to time in discussing the 
advantages and disadvantages of the 
ungrounded 3-phase 3-wire system. 


Overvoltages. 

Fault location. 

Safety. 

Continuity of service. 

Number of trip elements. 
Difficulty of properly grounding. 
Expense. 


UES CS 


OVERVOLTAGE 


The steady-state overvoltage condition 
which can occur on an ungrounded sy: 7 
tem arises from the parameters of the 
circuit illustrated in Fig. 1 (grounded 
system obtained by connecting Zg to 
ground). Typical values of the leakage 
resistance and capacitance per phase are 
shown in Table I. | ; 

As an extreme case, a fault at x will 
cause the voltage to ground to be 


Exig =zero 
Eng=V3 Erey = Ext 
Exse= V3 Eray =Ezry 


In a less extreme case the leakage 
resistance and line capacitive reactances 
Ry and Xy may be unbalanced because 
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y. 1. Ungrounded 3-phase system with 
neutral grounding, Zg, shown dotted 


differences in length of cable runs, some 
isymmetrically connected loads, or 
nply variation in insulation leakage. 
In a typical case the latter effect is of 
) practical importance unless the leak- 
re becomes a fault. For instance, a 
pical case is 


I 


jeaxeoxio~~ 7900 obms 


¢ 
nould the leakage resistance at some one 
int in the insulation system fall as low 
; 2,500 ohms, which would be necessary 
r appreciable unbalancing, there would 
sult 27 watts or more being developed 
t the leakage point. This will lead toa 
mperature rise of the insulation in either 
1e grounded or ungrounded insulation 
ystems which will cause further deteriora- 
on of the insulation (in 10 seconds one 
ould expect the insulation to rise ap- 
roximately 2,000 degrees Fahrenheit 
bove ambient leading to burning of the 
wilt clear or grounding). 

As a generalization, then, one can state 
hat steady-state voltage stress on ground- 
all insulation may be increased from 260 
olts up to 450 volts maximum. 

Several causes of overvoltage under 
ransient conditions are possible. One of 
hese is a resonance (which under some 
onditions might approach steady state) 
f an inductance such as a contactor coil, 
enerator winding, or transformer coil in 
eries or parallel with the distributed 
apacitance of the line. (The possi- 


‘able |. Typical Marine Plant Capacitance 
and Leakage Resistance to Ground 
oe 


Line-+o-Ground 
Capacity per 


Line-to-Ground* 


Generating Phase, Micro- Leakage Resist- 
‘apacity, Kw farads ance, Ohms 
BOOS remiss wees Whe Seeteretsraece seis 18,000 
BOOS oo oc aoe sieie Qe Pabecaieidverave' site 1,700 


ie ee ee nnn ee 
‘Lowest measured leakage resistance per phase 
nm any system is 6,000 ohm-microfarads. 
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bility of traveling-wave resonance is not 
even a theoretical possibility because the 
frequency for a traveling-wave transient 
would have to be higher than 800 ke. At 
this frequency the damping of the circuit 
is such that this type of transient will be 
suppressed.) This inductive-capacitive 
reasonance may be induced as a simple 
linear or ferroresonance phenomenon. 
The various types of forcing functions 
which may cause this transient response 
are; (1) an arcing ground, (2) step change 
in line voltage arising from sudden ground- 
ing of a floating line, and (3) basic 60- 
cps line frequency of generator. 

Assuming 1 microfarad of capacitance 
(400-kw plant) and 100 henrys of in- 
ductance, this would give an undamped 
natural linear resonant frequency of 17 
cps. The response of the circuit would 
depend, of course, on the amount of damp- 
ing in the system. A commonly heard 
statement is that for such a system 
“theory” indicates a possibility of as 
much as six times normal voltage on the 
system. The damping used as a basis 
for this statement is not known. It is 
believed that realistic prediction of the 
maximum voltage under these conditions 
is virtually impossible because of the 
large variations in resistance in the in- 
finity of possible circuit combinations. 
However, the results for an unloaded 
system with the transformer grounded 
are shown in Table IT. 

Step changes in supply voltage and 
restriking grounds can theoretically lead 
to results similar to those discussed for 
ferroresonance. It is believed that these 
effects are academic. 

Another possible source of transient 
overvoltage is the ‘switching transient.” 
Air (and other gases) exhibit a character- 
istic of constant voltage drop independent 
of current over a wide range of currents. 
However, for an enclosed or semi- 
enclosed volume of gas the pressure will 
increase. The voltage drop under these 
conditions increases approximately as 
the square root of the pressure. One 
of the techniques used in designing 
switches, circuit breakers, and fuses 
consists of generating a large arc drop by 
a pressure rise. It is possible that such a 
device misapplied or partially damaged 
by prior use, such as a fuse in which 
some of the parallel elements have been 
partially melted by a previous overload, 
may generate an excessive back voltage 
which might cause insulation breakdown. 
Tt should be emphasized that this phe- 
nomenon can be avoided by the use of 
properly applied circuit-switching devices 
and avoidance of fuses. 

A similar pressure-rise phenomenon 
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Table II. Ferroresonance Overvoltage Due 
to Grounding of Unloaded Transformer on 
Unloaded Electric System 


Maximum 
Phase Volts 


(Per Unit of Transformer System 
Normal 260 Rating, Kilovolt- Capacitance, 
Volts) Amperes Microfarads 


00 HG HH 00 He 


Assumptions; x 


1. 130% saturation level of transformer. 
2. Circuit leakage resistances as in Table I. 
3. Average transformer losses are assumed. 


can also occur in a fault itself which 
may develop in an enclosed volume. 
The inductance of the circuit will prevent 
an instantaneous change in current while 
the fault arc drop may build up to a large 
value because of pressure build-up. 
Typical values are 1,000 volts per inch 
of are length at 1,000 psi (pounds per 
square inch). 

Because of the large number of causes 
of transient voltage which may theore- 
tically exist and the large variation in, 
and number of, relevant circuit. param- 
eters, it is desirable to examine experi- 
ence closely and make field tests. Table 
III gives the results of a series of field 
measurements made by the Bureau of 
Ships. Similar tests have been made on 
a large commercial ship. These latter 
tests revealed no cases of overvoltage. 

In addition to the foregoing data, it 


Table Ill. Voltage Surges to Ground 
Measured on Aijircraft Carrier “Hornet’’* 
eee eS ee 


Indicated Transient Equivalent 
Date, 1954 Peak Voltst Rms Voltage 


ree ee eS eae oe 


A/S Steen Recording equipment 
put in operation 


1,060 
707 
707 

GLTE werent: 1,000 (six separate 
OCCASIONS).....0eeseeeees 707 

6/185 ai 1,500 (two separate 
OCCASIONS)...+.e+seeeeeee 1,060 
6YAGe sre TD OOO Senses lates Se 707 
6/28. e000 VO0Os,ciccrcicieye a sfemeennale 707 
V/s VEBQO U2 ei eien Aelererewre’s crete ..1.060 
7/274 2° 500) tranntoutcis( miele cena 1,770 
Vi OS Bene T O00 sce wisi eweineere 707 
8/2) Berea De BOO Mie oitterseie eleteleve ciesisiare 1,770 
OVA rorcd? PA000 .eshee cine oeteuncinsincis oe 707 
(VP ees Stes DODO yore, veieresst minions) ebiteeiais 707 

NOV LO ater 2,500 (two separate 
OCCASIONS)...0e+eeereeeee 1,770 


* Ship’s generating plant consists of four 1,250-kw 
turbine-driven generators. There are four main 
distribution switchboards. 

} Electrical plant operating records indicate 
transients occurred about the same time as plant 
changes were being made. 

{Occurred at the same time as a single-pole 
generator disconnect switch was inadvertently 
opened under load. 
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Fig. 2. Circuit with ineffective equipment 
‘ ground 


should be noted that the field trouble 
records of the Westinghouse Electric 
Corporation or the Navy do not record 
any instarice of trouble with motors at- 
tributable to overvoltages. (In the case 
of Navy trouble reports, only 1/4% of 
installed and operating motor failures for 
1955 through 1958 have been wnex- 
plained.) 

An important practical consideration 
in discussion of overvoltage is the fact 
that 450-volt equipment is tested for 
dielectric strength at 2,200 volts rms. 
And with practical dielectric strengths of 
2,000 volts per milli-inch of insulation, 
mechanical rather than electrical con- 
siderations determine insulation thick- 
ness. Therefore, in the case of 450-volt 
equipment, the insulation to ground is 
many times any recorded transient over- 
voltage. 

It also seems pointless to discuss the 
adverse effect of aging of insulation be- 
cause of increase in voltage since the life 
of the equipment is so grossly over- 
designed from the electrical viewpoint. 
Thus, a common ground wall may be 
0.010 inch which would support 20,000 
volts for approximately 20 years. 


Fautt LocaTIon 


In an ungrounded plant the first 
ground does not cause a fault current 
other than line-capacity charging cur- 
rent. (For 8 microfarads on a 1,250-kw 
plant there would be approximately 3 
amperes charging current.) Normal pro- 
cedure is to locate and remove this 
ground after annunciation by ground 
indicator light. The process of locating 
this ground can be simplified by using a 
sufficiently low impedance grounded 
system. In this case, in a properly co- 
ordinated system, the large fault current 
would cause tripping of the faulted sec- 
tion of the line. 


SAFETY 


With respect to safety of equipment, 
it appears that the ungrounded system 
has several advantages. First, there will 
be fewer faults with large fault currents 
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on an ungrounded system. Fault cur- 
rent damage, even in properly protected 
circuits, may be appreciable. Thus, a 
fairly moderate 24,000-ampere fault cur- 
rent may melt 2 pounds of metal in a 
piece of electric apparatus. This same 
fault current may lead to pressures on 
the order of 1,000 psi generated in the 
equipment. These are destructive levels 
which it is best to avoid, if possible. 

In the case of personnel, both grounded 
and ungrounded systems have sufficient 
voltage and low enough impedance to 
deliver well over the lethal level of current 
to a person touching one conductor while 
in contact with ground. It is not true, 
as sometimes argued, that the ungrounded 
system will not shock a person. The 
distributed line capacity is more than 
sufficient to give a lethaly low impedance. 

It is also sometimes argued that the 
ungrounded system is unsafe since an 
inadvertent ground may cause a danger- 
ously high voltage to exist on the equip- 
ment case if the equipment ground is in 
poor cendition. Figs. 2 and 3 illustrate 
these conditions. Unfortunately, if Z, is 
large enough (on the order of 100 ohms 
on a 1,250-kw plant) to cause Epg to be 
dangerous, then there would be insufficient 
fault current to cause tripping of a 
grounded system. Thus, this danger is 
equally likely on either system. 

There is one other respect in which the 
floating system is safer. If, in the 
grounded system an accidental short 
circuit to ground is caused by an electri- 
cian’s screw driver, for example, he may be 
badly burned by the resulting arc. In 
the ungrounded system no more than 3 
amperes (1,250-kw plant) line-charging 
current would result. This would not 
be dangerous. 


CONTINUITY OF SERVICE 


In the floating system the first ground 
does not cause tripping of that section of 
the line unless the capacitive current leads 
to a 2- or 3-phase fault, in which case the 
damage will be no worse than for the 
ground system, or in case this inadvertent 
grounding should cause overvoltage fail- 
ure of other equipment as discussed above. 

As a worst extreme, then, if the elec- 
trician never removes the first fault, there 
will only be the minor improvement in 
operating time gained between the first 
and the second fault. On the other hand, 
in the case of conscientious maintenance, 
the floating system will reduce the in- 
operative time as the product of the prob- 
abilities. Thus, a grounded system in- 
operative 0.1% of the time would be in- 
operative only 0.00006% of the time if it 
were an ungrounded system. 


Bruning, Lusby—A dvantages of Ungrounded Marine Electric Systems 


Fig. 3. Equivalent with ineffective equipme 
ground Z. 


NUMBER OF TRIP ELEMENTS 


Although some manufacturers do n 
build some types of 450-volt breakers ar 
motor controllers with trip elements 1 
all three poles, there are enough speci 
industrial cases which require gro a 
450-volt systems that most manufact 4 
are developing 3-element units. | 

i 

In considering the advantages of ft 
ungrounded system, it is difficult to antic 
pate the positive disadvantages of a 
grounded system since, to the authon 
knowledge, no grounded marine 60-cye 
3-phase systems of appreciable size fd 
normal service have ever been ee in tk 
United States. 

Therefore, it is necessary to try 
extrapolate from industrial and fore 
maritime experience with grounded syj 
tems in addition to attempting to antid 
pate on a theoretical basis. In doing tk 5 
it is well to keep in mind several signi 
cant differences. = | 

European ships use smaller, simf 
plants, fuses instead of breakers, 
unarmored cable. 

In the case of U. S. industrial plants, tl 
plants are connected to large power syj 
tems through relatively low impedai a 
transformers without ‘in-house’ genera 
tors. These plants are frequently la 
in area for a given rating. Lighting Hi 
means of line-to-neutral connection is in 
portant from an economy viewpoint 
Since the average industrial plant does £ ‘ 
generate its own power and is always it 11 
position to obtain outside help, it has r 
need of electrical maintenance with 
capability required by an operating s 
With these factors in mind, the follow in 
problems are anticipated for a grounde a 


marine system: j 

a 
1. Marine generators are not now prese ntl 
provided with differential protection to pret 
tect generators from internal short circu t! 
This gamble is made since it is bee 3 
and experience has proved, that inter 
faults to ground on different phases i 
rare indeed (the authors have not hez 
of a single case). However, witha grounds 
system, a single internal generator fau 


DIFFICULTY OF PROPERLY GROUNDING 


> 


. 
I 
j 
e 


1 
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thout differential protection of the 
erator would lead to destruction of the 
merator. Therefore, it is probable that 
fferential protection would have to be 
ded. Suitable marine equipment does 
t now exist. 


To build a grounded system it is 
cessary to use a Y-connected generator 
ith neutral brought out. This de- 
eases the number of slot and winding 
mbinations available to the generator de- 
gner. Therefore, the customer may be 
reed to buy a machine which has appre- 
ably poorer waveform and is considerably 
rger (an extreme case of 15% increase in 
eight for some larger machines may be 
pected ) than if the designer had the option 
building a delta-connected machine. 


On the grounded system zero-sequence 
trent may be induced in delta-wound 
ansformers, leading to overheating. 


Because of the increased number of 
ne-to-ground faults, the increased number 
f arcs will increase the probability of fire. 
ndustrial experience in which the line-to- 
ound fault on lighting circuits is most 
ommon, indicates that this is the most 
ommonly named source of electrically 
aused fires. 


To obtain reliable tripping integrity of 
quipment, grounding becomes especially 
itical. Normalrusting conditions onboard 
hip would lead one to believe that Z, of Fig. 
may be appreciable in many cases. 


It is well to remember a difficulty en- 
ountered in grounding of some industrial 
ystems. Here, indiscriminate recommen- 
lations for grounding were made with- 
out considering the impedances of the cir- 
cuit. This led to problems with arcing at 
conduit joints, and necessity of revision in 
the method of construction of bus duct used 
in industrial plants. 


With regard to item 6, there is one new 
factor which needs to be considered in the 
design of a grounded system which is not a 
problem in the floating system. This is 
the problem of co-ordinating for zero- 
sequence fault currents. It has been 
recommended that Xo/X1<3 and Ro/RiS 
1 be used as a basis for selecting the values 
of a neutral reactor or resistor. These 
values are based upon a number of fault 
calculations for typical configurations of 
13-kv and above transmission lines for 
which the circuit parameters and permis- 
sible overvoltage bear little relation to 
marine electric plants. Thus, as a first 
difficulty, reasonable criteria for selecting 
R, and X are not known. 

In addition, magnitudes of Ry and Xo 
are not known, although generator Xo is 
known and may be as small as 1/3 X1. 

In order to determine Zo, a series of field 
tests were made starting in November 
1958. To date six field tests have been 
made, The results have given values of 
Zo which range from essentially zero up to 
0.4 ohm, The fundamental reasons for 
the variation in these test results, i.e., 
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dependence upon circuit configuration and 
distance, are not yet understood. How- 
ever, in most cases it is believed that line- 
to-ground currents in a solidly grounded 
neutral system will be large enough to 
operate protective devices. For the 
grounded system, greater emphasis must 
be placed on providing fully selective 
protective devices because of the higher 
probability of line-to-ground faults. 


EXPENSE 


Any change required by going to a 
grounded system would, at the worst 
require the addition of the following equip- 
ment or effort: 


1. Differential protection. 

2. Greater design time on sequential trip- 
ping. 

3. Fault-current-limiting impedance. 

4. Occasionally alarger generator. 


5. Occasionally larger transformers. 
120-Volt Circuits 


The 3-phase portions of the 120-volt 
distribution systems supplied through 
transformer banks could either be 4-wire 
with grounded neutral, 3-wire with 
grounded neutral and hull return, or 3- 
wire ungrounded. Single-phase portions 
would be either 1-wire hull return, or 2- 
wire. 

Some engineers are of the opinion that 
there is more justification for grounding 
the neutral of the low-voltage lighting sys- 
tem than there is in the case of the main 
power system. This reasoning is based on 
the fact that grounds occur more fre- 
quently in this portion of the system and 
maintenance time in locating grounds 
might be reduced. This opinion is also 
probably based on the assumption that 
continuity of supply for lighting is less 
important than the main power system 
since emergency power for lighting is 
available. The continuity of supply to 
lighting is important and disturbances 
should be minimized, especially under 
emergency conditions when such grounds 
are likely to occur. Also, in some cases 
electronics equipment which requires a 
high degree of continuity is also supplied 
from the lighting system. 

The considerations relevant to the 450- 
volt system also pertain here. However. 
there are variations in degree as follows: 


1. Overvoltage. Because of the much 
smaller extent of any given 120-volt circuit, 
the capacitance will be much smaller. Also, 
the number of connected inductance devices 
will be negligible. Therefore, there is 
almost no likelihood of overvoltage other 


than V/3 120 = 208 volts which would have 
no effect on 120-volt devices. 
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2. Faultlocation. This is frequently more 
difficult with 120-volt circuits than 450-volt 
systems because of the lower quality of 
hardware used and the difficulty in visually 
inspecting small devices, 

3. Safety. No difference between un- 
grounded and grounded systems. 


4. Continuity of service. The same facts 
apply here as in the 450-volt case. Since 
lighting and communications are the most 
critical uses of electric power, the increase 
in reliability of a properly maintained float- 
ing system is even more important than in 
the 450-volt case. 


5. Number of trip elements. No appreci- 


able importance. 


6. Difficulty in properly grounding. In 
the case of 120-volt circuits, the Zo of the 
transformer is the fault-current-determining 
parameter. Any external circuit effect, 
other than fault impedance, will be negligi- 
ble. 


7. Expense. If hull return is used, the 
120-volt grounded system would be less ex- 
pensive. However, difficulty has been ex- 
perienced with starting instant-start fluores- 
cent lights because of circuit impedance 
levels in the shipboard systems. The im- 
pedance for this type of starting would have 
to be investigated before hull return could be 
used. 


It should also be emphasized that some 
brands of instant-start fluorescent fixtures 
require a grounded 120-volt system. 


Summary and Conclusions 


SUMMARY 


1. Overvoltage. There seems to be 
little evidence that this is a problem on 
marine shipboard systems. If, in fact 
someone believes this is a problem, a more 
desirable solution than grounding to pre- 
vent overvoltages would be the use of a 
damping resistor. It woud also be possi- 
ble to design a surge suppressor for this 
application. 

2. Fault location. Finding the loca- 
tion of a line-to-ground fault on a floating 
system is occasionally a tedious process. 
It appears that grounding the system may 
cure this problem. 

3. Safety. The floating system is 
slightly safer but each should be treated 
with the same care and respect by per- 
sonnel. 

4, Continuity of service. The float- 
ing system has greater integrity. 

5. Number of trip elements. No 
appreciable difference. 

6. Difficulty of grounding. In other 
applications electric plants have had se- 
rious difficulties with grounded systems 
where there was a lack both of funda- 
mental understanding of phenomenon 
and data, as well as experience. There 
are not sufficient data properly to design a 
co-ordinated, sequential tripping grounded 
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marine 3-phase 3-wire 60-cycle electric 
system. 

7. Expense. The floating system will 
be slightly less expensive, although the 
difference will probably be minor. 

8. Lighting. For isolated portions of 
the distribution systems, such as the light- 
ing system, the ungrounded system is 
still preferred although the reasons are 
not as strong as for the main distribution 
system. 


CONCLUSIONS 


1. There are only two factors which 
can be considered to favor the use of the 
grounded systems. For the solution of 
one of these problems, the overvoltage 
problem, which apparently exists only in 
theory for most ships, techniques other 
than grounding are well known. Satis- 
factory hardware for elimination of this 
problem is also available. 

2. The problem of locating the rela- 
tively few hard-to-find line-to-ground 
faults on a floating system can be solved 
by grounding. The saving of work seems 
relatively minor compared with the other 
problems generated. For this reason it 
would be desirable to develop some prac- 


eee 


Discussion 


Paper 60-145 


R. H. Kaufmann (General Electric Com- 
pany, Schenectady, N. Y.): The authors 
have presented a very convincing story 
about the operating benefits to be derived 
from appropriate system grounding prac- 
tices in 450-volt 3-phase 60-cycle marine 
power systems. A tremendous amount of 
actual operating experience with both 
grounded- and wungrounded-neutral low- 
voltage a-c systems has been accumulated 
in the industrial and commercial building 
fields. It makes good sense to dip into this: 
vast fund of experience and pick out those 
practices which will contribute to superior 
marine system performance. 


The principal operational advantages 


sought in system grounded include the fol- 
lowing. 


SUPPRESSION OF OVERVOLTAGES 


Ungrounded systems are, without ques- 
tion, more susceptible to line-to-ground 
overvoltages. For the most part the de- 
velopment of excess voltage is unique to a-c 
systems. There is no point in looking to 
early marine experience with d-c systems 
for guidance. Fig. 3 of the paper shows how 
severely the insulation life (‘‘time to break- 
down’’) is shortened by moderate increases 
in voltage stress. The AIEE proof test de- 
mands that new insulation be capable of 
withstanding ‘“‘twice rated plus 1,000 volts” 
(7.3 times normal on a 450-volt rating) for a 
time interval of 1 minute; or alternately, a 
voltage 20% higher (8.77 times normal ona 
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tical means of locating a ground fault 
other than relying on the drastic solu- 
tion of using a large fault current gen- 
erated by grounding the system. 

3. All other factors seem to favor a 
floating system; i.e., safety continuity, 
simplicity of design, and economy. 

4. Should someone decide to use a 
grounded system on a marine plant, it is 
strongly desirable that this action be post- 
poned until better theoretical insight into, 
or empirical data for, Z is developed. 
Premature use of a grounded system, 
especially in large systems for which 
there is not even a small amount of 
European experience, would be foolish. 
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450-volt rating) for a time interval of J 
second. Operating a system for 1 day witha 
ground on one line (73% overvoltage on the 
other two lines) extracts insulation life 
equivalent to 3 months’ operation at normal 
voltage. 

The overvoltage mechanisms described in 
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explanations of premature insulation fail- 
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There is nothing academic about the prob- 
lem posed to a 480-volt ungrounded 60- 
cycle system operator who witnessed stator 
breakdown in more than 40 motors in a 2- 
hour interval due to a sputtering ground 
fault in a starting autotransformer. The 
overvoltage mechanism described on page 
286 of reference 1 made this experience 
understandable. There is nothing aca- 
demic about the problem which faced the 
operator of a 220-volt ungrounded 60-cycle 
system when a ground fault in a luminous- 
tube lighting unit resulted in insulation 
failure in several motor stators. The ex- 
tended winding autotransformer overvolt- 
age mechanism described on page 295 pro- 
vides the explanation. To the plant main- 
tenance man who saw two cable breakdowns 
occur on his 2,400-volt ungrounded 60-cycle 
system while making line-to-ground voltage 
checks with a transformer-coupled volt- 
meter, the problem was anything but aca- 
demic. The LC voltage amplification mech- 
anism described on page 281 took the mys- 
tery out of this experience. 


The marine a-c electric system with its 
basic metallic structure, grounded machine 
frames, and grounded conductor enclosures, 
should closely parallel the behavior of 
typical industrial systems, The several 
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overvoltage mechanisms described should 
find equal occasion for occurrence in mari t 
systems. For military ships, the greatly in 
creased circuit fault hazard during combat 
service should greatly exaggerate the over- 
voltage-producing tendencies: 
Should future studies lead to the adoptio1 


ungrounded or merely  high-resistance: 
grounded, become subject to another severe: 
source of overvoltage, namely unintentional 
physical contact between primary andl 
secondary conductors (perhaps within the: 
stepdown transformer for example); : 
reference 1, page 279. 


REDUCED DAMAGE AT THE FAULT AND 
LESSENED BUMP ON THE SUPPLY 
SYSTEM 


Electrical breakdowns are inevitable. | 
Good system design and high-quality com-| 
ponents can minimize but not eliminate in-| 
sulation failures. If, when they do occur, 
their duration is needlessly prolonged, they 
result in severe burning damage at the faul 
location and impose a severe electric demand | 
on the supply system, which may cause un- 
necessary tripout of healthy load equip- 
ments or even complete collapse of th 
power system. Some of the most devastat 
ing burndowns in electric systems resul 
from the continued flow of fault current 
even of quite moderate magnitude. An arc- 
ing fault condition tends to establish an are 
voltage, which is nearly the same valu 
whether the current magnitude be 2,000 am-_ 
peres or 25,000 amperes. The energy re 
leased at the fault thus becomes the product 
are voltage (Eyr.), current (I), and time 
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FAULT AMPERES 


g. 5. Representative time-overcurrent trip- 

ng characteristics of the phase overcurrent 

ip units on a 600-ampere marine-system 
feeder air circuit breaker 


To illustrate this point, let it be considered 

at a feeder circuit is being protected by a 
ircuit breaker equipped with phase over- 
irrent trip units with characteristics as 

own in Fig. 5. Let it be assumed that the 
ult arc voltage (#,,.) is 150 volts. The 
nergy released at the fault point under the 
ontrol of this feeder breaker as a function 
f fault current magnitude is shown in 
ig. 6. Note that increased magnitude of 
ault current diminishes the energy released 
t the fault when controlled by phase over- 
urrent trips. It is this fact which leads to 
olid grounding of the usual low-voltage 
systems. 

At once it is apparent that tremendous 
eductions in released fault-point energy for 
noderate-current arcing faults can be ac- 
somplished by fault detectors of increased 
speed and sensitivity. A neutral-grounded 
system paves the way for this added refine- 
nent. The grounding circuit normally 
satries no current. The presence of current 
low in this circuit denotes the presence of a 
fault. Practically all faults will immediately 
x9 promptly involve ground. A fault-de- 
‘ecting relay responsive to ground-current 
Jow can thus be made very sensitive and 
*xtremely fast. Thus, high-speed interrup- 
tion of moderate-current faults is entirely 
possible which will tremendously lessen the 
ow-current burning damage indicated by 
Fig. 6. E 

Additional relevant information may be 
found in references 2-10. 
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Fig. 6. Total arc energy released at the fault 
point as a function of fault arc current with 150- 
volt-fault arc voltage, a single line-to-ground 
fault, and duration controlled by the tripping 
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C. Raczkowski (Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa.): ‘“‘Low- 
voltage switchgear invariably employs cir- 
cuit breakers embodying direct-acting series- 
trip devices which require high currents for 
successful operation,’ stated the authors in 
the paper. Further, in paragraph 4 of 
their conclusions referring to 450-volt ef- 
fectively grounded systems, they say: 
“Faulted circuits will be automatically iso- 
lated with a minimum of delay, usually of 
the order of 2 or 3 cycles....’’ The first 
statement is basically correct as far as 
today’s practice is concerned. There are 
indeed very few low-voltage systems in the 
United States where overcurrent relays are 
used instead of series-trip devices. 

The second statement, however, should be 
qualified. It is true as far as line-to-line or 
3-phase faults are concerned. But in low- 
voltage effectively grounded systems, line- 
to-ground faults will not always be cleared 
with the minimum delay when conven- 
tional series-trip devices are used. 

The experience in recent years with 480- 
volt solidly grounded systems brought up a 
very serious problem. It was found that 
arcing line-to-ground fault currents in 
solidly grounded systems can be anything 
but “high currents required for successful 
operation of direct-acting series-trip de- 
vices.’ In their excellent recent paper, 
Kaufmann and Page,! both from the same 
company as one of the authors of the paper, 
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presented analytical proof that arcing line- 
to-ground faults in solidly grounded 480- 
volt systems might be as low as 19% of the 
3-phase bolted fault. They give a tabula- 
tion of how fast different faults can be 
cleared by different protective devices, 
such as series trips and overcurrent relays. 
In the example they worked out, a 3,700- 
ampere line-to-ground fault would require 
88 seconds to be cleared by the breaker 
equipped with series-trip devices even if the 
short-delay trips were set as low as 300% 
of the breaker rating. Obviously no indus- 
trial equipment, and more so, no equipment 
installed on shipboard, can survive such a 
“‘protection.”’? They also quote an actual 
case where an electrician, ‘‘was severely 
burned and the equipment was virtually 
destroyed,’ because the instantaneous set- 
ting was higher than the value of the arcing 
fault current. To guard against this type 
of fault in solidly grounded systems, they 
recommend the use of ground relays on 
low-voltage breakers. 

Our own experience with 480-volt solidly 
grounded industrial systems fully confirms 
what the Kaufmann—Page paper says about 
current-limiting action of an are during line- 
to-ground faults. 

There is no doubt that ground relays 
would provide the necessary sensitivity and 
speed, but they represent additional cost, 
require additional panel space, a source of 
energy for breaker tripping, and additional 
current transformers. It seems, therefore, 
imperative to take into consideration these 
facts before recommending 450-volt solidly 
grounded systems for marine use. 

The authors of the paper, having their 
hearts set on effectively grounded systems, 
brushed aside, so to speak, resistance- 
grounded systems. Their only argument 
against resistance-grounded systems is that 
grounding resistors ‘‘cause the elevation of 
the system neutral above ground potential 
during a ground fault and because of this 
the line-to-ground voltage of the unfaulted 
phases is practically the line-to-line voltage 
of the system.’’ With the insulation class 
provided for low-voltage cables and ap- 
paratus, 450 volts does not present any 
serious danger. The authors admit, how- 
ever, that there are advantages of the re- 
sistance-grounded system: substantial re- 
duction of transient overvoltages and a great 
reduction in equipment damage during the 
most common faults, that is, during line-to- 
ground faults 

It seems that the main objection to un- 
grounded systems in industrial installations 
is a possibility of high transient overvolt- 
ages. Whether this is a problem or not on 
shipboard is beside the point. Let us as- 
sume that it is. However, having the sys- 
tem grounded through a high resistance will 
eliminate this danger and at the same time 
retain all the advantages of an ungrounded 
system. Furthermore, with the equipment 
available today, it is possible to selectively 
relay high-resistance-grounded systems. A 
Westinghouse CWP-1 relay energized from 
a zero-sequence transformer is able to pick 
up, for example, approximately 2.5 amperes 
of primary ground current in a system 
grounded through a high resistance which 
limits the maximum line-to-ground fault to 
7 amperes. 

The relay can be wired to trip the af- 
fected feeder circuit breaker or to sound an 
alarm and drop the target to give the opera- 
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tor an indication of which circuit is faulted, 
thus eliminating the ‘irksome and time- 
consuming”’ procedure of ground-fault loca- 
tion, so well known to the operators of un- 
grounded systems. Installation of CWP-1 
relays and zero-sequence current trans- 
formers represents an additional cost, of 
course, but it might be a very good invest- 
ment. Therefore, before the final word is 
said in a present discussion about which sys- 
tem is the best for marine use, I am of the 
opinion that due consideration should be 
given to the high-resistance-grounded sys- 
tem. 
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W. J. O’Meara (The Atlantic Refining Com- 
pany, Philadelphia, Pa.): The Atlantic Re- 
fining Company has been operating elec- 
trically propelled tugboats and tankers 
since the early 1920’s, and all of our ships 
since those days have had electrically driven 
auxiliaries for the most part. In 1937 we 
built nine of our Van Dyke class turboelec- 
tric ships with 100% electrically driven 
ship’s auxiliaries. Since that time we have 
built and/or operated T? tankers as well as 
conventional turbine gear tankers built 
both in America and Belgium. This has 
given us a long and continuous experience 
with electrically driven auxiliaries on cargo 
vessels of the bulk oil carrier type. In addi- 
tion, we have two large refineries and nu- 
merous marine and land terminals with ex- 
tensive electrical installations, all of which 
we feel entitles us to express an opinion on 
this subject. 

We have consistently favored ungrounded 
systems on all of our marine and land in- 
stallations. In our Atreco Texas refinery 
we found it necessary to install a reactance- 
resistance ground on our 2,300-volt system 
to eliminate simultaneous failures. This is 
the only exception to our policy of un- 
grounded systems. Our 440- and 110-volt 
systems at this and other plants are un- 
grounded except for ground-indicating 
lights. 


PERSONNEL SAFETY 


We do not agree with the authors’ at- 
tempt to prove that grounded systems 
provide a greater degree of safety to per- 
sonnel than do ungrounded systems. Very 
often we have to work our low-voltage sys- 
tems “‘hot’”’ and it has been our experience 
that any electrician who becomes even 
slightly contemptuous of 440 volts will re- 
gain his respect for it joltingly. We cannot 
support any argument advanced to prove 
one system to be less hazardous to personnel 
than the other system, and in so far as we 
are concerned, both are dangerous and 
must be so treated. 


CONTINUITY 


The principal reason we do not ground 
any of our 440-volt and most of our 2,300- 
volt systems on our land installations is be- 
cause of the continuity of operation the un- 
grounded system assures us. We apply the 
same reasoning to our ships’ distribution cir- 
cuits. Grounding of one phase will not 
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open the faulted unit breaker which is im- 
portant on vital circuits such as steering 
gear, boiler fans, fuel oil service, etc., but 
the ground-indicating lights warn the watch 
engineers, that a circuit needs attention. 
Many of our vessels are in coastwise trade 
and spend a great deal of time in crowded 
East Coast and Gulf Coast harbors. In 
these waters we just cannot take chances 
with an unexpected shutdown of any of the 
vital auxiliaries. 

I can speak only for the practices that 
maintain in my own company’s plants and 
on our ships. When a ground is indicated 
on any circuit, it must be cleared at the 
earliest opportunity; that is, checks are 
made immediately to locate the fault and if 
possible to repair it. If, for some reason 
repairs cannot be made at that time, they 
are postponed until a more favorable time 
but they are not put off indefinitely. Re- 
ports of such casualties on board our ships 
are made to our Marine Headquarters, and 
if necessary, further investigation and re- 
pairs are made in port. 

It appears to us that only the most care- 
less type of housekeeping in any plant or 
on any ship would countenance the condi- 
tion described by the authors. 

At the present time we are operating 19 
tankers with a total of over 800 motors rated 
440 volts, 3 phase, 60 cycles, and ranging in 
integral horsepower size up to 400 horse- 
power. For the two years, 1958 and 1959, 
we had a total of 16 motor repairs for the 
following reasons: one ground in slot area, 
one short-circuited turns in end-turn area, 
four low megohmeter readings (which we 
needed only to dip and bake), ten roasted 
out due to single-phase operation or over- 
loads. 

When one considers that seven of these 
ships (Van Dyke class) have an average age 
of over 20 years, three of them are 72’s 
averaging over 15 years, and three others 
(Seamen class) are approaching an average 
of 10 years, he must agree that the record 
indicates these ungrounded systems are not 
and have not been subjected to dangerous, 
destructive, overvoltages. 

The consensus of opinion among our elec- 
trical people, marine and land, is that we 
shall continue to operate our 440-volt sys- 
tems ungrounded. 


C. F. Maupas (Paris, France): In my experi- 
ence with ship electrical installations 
equipped with an a-c system with an un- 
grounded neutral, so far I have not dis- 
covered any disadvantages due to the exist- 
ence of overvoltages. On the other hand, 
neither has my experience with ships hav- 
ing a grounded-neutral system installed, 
such as the steamship Kairouan, indicated 
any particular disadvantages of this latter 
system. However, it is necessary to re- 
member that with the present low volt- 
ages utilized on ships (maximum, 440 volts) 
ground faults are not frequent, and, also, 
the accidental existence of full line voltage 
between conductor and ground or even the 
appearance of greater overvoltages in case 
of inductive faults, which is very im- 
probable, are not dangerous, particularly 
when the insulations are resistant to track- 
ing (nontracking) and the creepage dis- 
tances are sufficient. 

My experience shows that a systematic 
supervision of the entire insulation of an a-c 
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system (with equipment of adequate quality 
for humid environments) by means, for 
example, of a device which establishes a conq 
tinuous low voltage between ground and > 
system, provides useful information concei 
ing the system in operation. 

It seems to me that the authors’ conside 
tions and conclusions concerning 
grounded-neutral systems are pessimist 
But, as it is generally advantageous 
bring out the neutral of the alternator in tf 
terminal box (I recommend even the inst 
lation in the terminal box at the neut 
point of three current transformers for prot 
tion of faults between the generator and t 
switchboard), one can try to reserve the 
possibility of connecting the neutral 
ground, in certain circumstances, by means 
of a low-impedance connection. 

The difficult problem in regard to returm 
currents by cable armor as indicated in tha 
paper appears to me to be of less concerr 
in an ungrounded-neutral system. Furthery 
more, my experience shows that a gooc 
ground to cable armor is difficult andi 
costly. In a general way, I would tod 
be tempted to advise the use on board 
unarmored cables. Cables equipped wi 
a very light protection (against roden 
by a thin-strip-wound metallic coverir 
well insulated with a sheath of polyv 
chloride or polychlorophene, are presently; 
being tested aboard ship. 


WS el ell 
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Paper 60-146 


L. Spinelli (American Bureau of Shipping 
Genoa, Italy): In Italy we have about 10 
ships with a-c plants, 30% of which are 
Navy vessels, all built after World War II 
All a-c plants are 440-volt 3-phase 3 
systems with ungrounded neutral. 

I communicated with the heads of 
electrical departments of all the large 
Italian shipyards asking information on the 
subject in question. All of them repl: 
that, to their best knowledge, not one of the 
electrical troubles reported on board shij 1 
built by them could be ascribed to the fa . 
that the electric system was designed for 
ungrounded operation. 

A similar answer was received from the 
technical advisers to several importani 
Italian ship owners, who confirmed, in a 
dition, that their electrical engineers dil 
gently enforce the instructions to eliminated 
any ground as soon as detected. 


A. R. Cairone (Westinghouse Electric Cor- 
poration, New York, N. Y.): The autho 
are to be commended on their comprehensi 
comparison of an ungrounded system verst " 
an effectively grounded system. Althoug 
the ungrounded system has certain unde 
sirable features, it appears to be more at 
tractive than the effectively grounded sy: 
tem. However, it is my opinion that the 
subject of grounding would not be comp 
without due consideration of a resistance 
grounded system. ; 
Inasmuch as there are no phase-to-neutrall 
loads on the 450-volt system, the only ap- 
parent real reason for considering an ef 
fectively grounded system is the high 
ground-fault current required for the ser 
trips on the available circuit breakers. Ni; 
turally this system suppresses transier 
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vervoltages; however, this can be accom- 
lished by a much simpler method on a re- 
istance-grounded system. All other ad- 
antages of an effectively grounded system 
ave no apparent practical value on a 450- 
olt shipboard installation. The availa- 
ility of a simple economical ground-relay 
ystem should eliminate the need for an ef- 
ectively grounded system along with its 
omplications. 

The subject of transient overvoltages is 
controversial. Even though the authors 
resent data which indicate the possibility 
of overvoltages to be very remote on an un- 
grounded system, it is my opinion that the 
minimum for any 450-volt system should 
be a high-resistance-grounded system, par- 
ticularly since this can be accomplished 
simply and economically. 

The use of a resistance-grounded system 
swamps the variations noted in zero-se- 
quence measurements. Also, the question 
of good grounds appears to be a question of 
recognizing the problem. Copper pads 
welded to the ship steel, machine frames, 
and neutral-ground connection should pro- 
vide a reliable path for ground-fault current 
as well as a safe ground for equipment 
frames. Resistance grounding is readily 
adaptable to Y or delta sources. The fol- 
lowing possibilities could be considered: 


1. High resistance, no selective tripping. 
2. “Low” resistance with selective trip- 
ping. 

8. Combination of 1 and 2. 


1. High resistance: The basic function is 
to suppress transient overvoltages. To do 
this, the current through the resistance- 
ground source should be equal to or greater 
than the total 3-phase capacitive charging 
current to ground of the 450-volt system. 
As an example, for the case of 3 amperes 
mentioned in the paper, the current through 
the resistor ground source would be 3 
amperes and the total ground current is 
3X1.41=4.23 amperes. The loss in the re- 
sistor is 3X260=780 watts. Suppression 
of transient overvoltage is accomplished 
with a slight increase in total ground cur- 
rent. The probability of iron burning has 
never been clearly defined. The incremental 
possibility of iron burning would be hard to 
evaluate. Practically speaking, any pre- 
cautions taken against iron burning should 
be the same for an ungrounded and a high- 
resistance-grounded system. 

2. Low-resistance grounding: A low- 
ground-fault system has been developed for 
mining applications. Sensitivity for ground- 
fault current is accomplished by use of one 
“doughnut” current transformer surround- 
ing the three phases. This gives a response 
to net 3-phase flux and hence is sensitive to 
ground currents. At point of installation 
(one per circuit breaker) the cable armor 
can be stripped back to insure that return 
ground-fault current does not go through the 
current transformer. Selectivity can be 
accomplished by time setting on the 
ground relays. The ground relay will make 
contact to energize a shunt trip on the cir- 
cuit breaker. Inasmuch as the fault cur- 
rent can be limited to values in the order of 
25 to 50 amperes (and possibly lower), there 
will be essentially no voltage dip, thereby 
insuring ample voltage for shunt trip opera- 
tion. The shunt trip would be connected 
phase to phase. All phase faults would be 
cleared by the present series trips. Backup 
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protection can be accomplished by a ground 
relay in the ground source. 

3. Combination: This system lends it- 
self to continuity of service. The grounding 
resistor can be made up of two sections con- 
sisting of a high-resistance low-ampere re- 
sistor in series with a low-resistance higher- 
ampere resistor. The two resistors in series 
limit the current to satisfy high-resistance 
grounding. A normally open breaker is 
connected across the high-resistance ele- 
ment. When the high-resistance element is 
short-circuited, the low-resistance element 
allows current to increase to satisfy selec- 
tive tripping. 

This system would operate as a high- 
resistance-grounded system. An alarm will 
alert the operator when a ground fault 
occurs. If the ground location is not 
readily apparent, the operator can make 
preparations to insure continuity of service 
on the essential feeders, or at least recognize 
that an essential feeder may trip when the 
normally open breaker is closed to accom- 
plish selectivity. A further refinement could 
be installation of ground relays on non- 
essential feeders and ammeters only on the 
essential feeders. If there is no indication 
of ground current in the essential feeders, 
he can close the normally open breaker to 
produce fault current for selective tripping. 
If there is indication of ground current in 
an essential feeder, procedure can be car- 
ried out as dictated by the particular case. 

I would appreciate the authors’ com- 
ments on the above possibilities plus the 
following: 


1. The authors give expected life on insu- 
lation. Does this reflect mechanical stresses 
due to motor inrush and short-circuit cur- 
rents? These stresses are an important 
consideration as insulation ages. 


2. The question of iron burning in ma- 
chines is complicated. This seems to be a 
subject of opinion rather than facts. Many 
values of current versus time have been 
given at various times. Are there any 
practical test data available on this subject? 


3. Why is it necessary to use armored 
cable? Present-day cable techniques should 
be able to offer equivalent serviceability 
without use of armor. 
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Robert A. Zimmerman (Westinghouse Elec- 
tric Corporation, East Pittsburgh, Pa.): 
The authors have presented a thorough and 
comprehensive paper on the subject of un- 
grounded marine electric systems. I would 
like to commend them on their review and 
evaluation of the subject. 

Industrial experience with ungrounded 
distribution systems indicates that insula- 
tion on these systems is subject to failure 
because of high transient overvoltages. 
Marine experience with ungrounded distri- 
bution systems indicates that these sys- 
tems are not subject to insulation failures be- 
cause of high transient overvoltages. The 
question then arises as to the differences in 
circuit parameters and conditions between 
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the two ungrounded system applications. 
that produce failures in one case and not in 
the other. 

The theory of how these high transient 
overvoltages due to intermittent arcing 
ground faults may occur is well understood. 
If the dielectric strength of the arc path 
builds up subsequent to arc extinction as 
hypothesized, the voltage to ground on the 
unfaulted phases can build up to excessively 
high values with alternate restriking and 
extinction of the are. What actually hap- 
pens is that the zero-sequence capacitance 
of the system becomes charged to higher 
and higher values of voltage each time the 
are is extinguished. 

It is claimed in the literature that it is to 
be expected in general that these values will 
reach five to six times normal under prac- 
tical system conditions. However, no indi- 
cation is given as to how much damping is 
involved to limit the voltages to these 
values. A simplified study made to deter- 
mine the effect of resistance damping on the 
transient overvoltage showed a maximum 
overvoltage on the unfaulted phases of 4.6 
times normal. This study assumed 85% 
damping per half-cycle of the high-fre- 
quency oscillation. This is believed to be a 
practical value. 

This damping is produced by the series 
resistance of the circuits, the leakage resist- 
ance of the system, and shunt resistance 
used in ground-fault indicators. The au- 
thors point out that they believe it virtually 
impossible to predict the maximum over- 
voltages because of the large variations in 
resistance and the infinite number of circuit 
combinations that are possible. Their refer- 
ence is to all ungrounded systems. How- 
ever, this statement may not hold true for 
ungrounded marine systems. Physically 
these systems are limited to relatively short 
runs because of the restrictions of length and 
beam of ships. The charging current of the 
system will be low, and the damping effect 
of system resistance, both series and shunt, 
may behigh. These system parameters and 
conditions, which would be fairly common 
to all marine systems due to their similarity, 
may well be the reason why transient over- 
voltages are not a problem on ungrounded 
marine electric systems. 

These ungrounded systems are not un- 
grounded but are, in effect, high-resistance- 
grounded systems. If transient overvoltages 
became a problem on ungrounded marine 
systems, it would appear to me that inten- 
tionally grounding these systems through a 
high resistance would solve the overvoltage 
problem without introducing any other 
problems. 


J. R. Batcheller (Philip F. Spaulding and 
Associates, Seattle, Wash.): It would be 
interesting to have the authors of this paper 
answer a few questions. 

First, they state that “‘it should be remem- 
bered that the unique degree of autonomy 
of a ship with its complete electric system 
requires the presence of electrical mainte- 
hance personnel on board ship.”” This may 
be true for Navy ships, but not all Merchant 
Marine ships carry an electrician on board. 
It is usually the job of the chief engineer 
and his assistants to make any electrical 
as well as mechanical repairs. Human 
nature being what it is, and the difficulty of 
isolating a ground on an ungrounded system 
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being what it is, the clearing of a ground is 
delayed often for many months even when 
the service permits the vessel to tie up for 
several hours every night. 

Under “Difficulty of Proper Grounding,”’ 
they indicate that for a grounded system the 
provision of generator differential protect- 
tion is necessary, and conclude with the 
statement that ‘suitable marine equipment 
does not now exist.’’ Ordinary land-side 
reverse power relays are used on marine 
switchboards, and since Westinghouse has 
manufactured CA and HA relays for genera- 
tor differential protection for many years, 
it would appear that suitable equipment is 
available. 

Also, under this same heading they 
appear to be disturbed over the fire hazard 
of arcs from line-to-ground faults on a 
grounded system. Modern breakers are 
sufficiently fast to clear these faults without 
serious damage unless they have been in- 
correctly applied. The modern practice is 
to isolate faults rapidly with breakers and 
not attempt to set them so high that the 
fault “will burn itself free.’ That phi- 
losophy has disappeared from good land-side 
operations and should not be used in setting 
breakers on a ship either. 

Under ‘120-Volt Circuits’? they state: 
“5. Number of trip elements. No appre- 
ciable importance.” It is a well-known 
fact that with a solid neutral system only 
single-pole breakers are required for single- 
phase circuits, while ungrounded 120-volt 
delta circuits require double-pole breakers. 
Therefore, with a 208Y/120-volt grounded 
system the number of trip elements will be 
just one half that of an ungrounded 120- 
volt delta system. 

At this time the grounding of the 120- 
volt lighting system is more important than 
the 450-volt system. When the U.S. Coast 
Guard will accept for Merchant Marine 
Service 265-volt fluorescent lighting (which 
is now standard in industrial buildings), 
then the full advantages of the grounded Y 
system can be realized at that voltage also. 


Joint Discussion 


O. T. Estes (Commander, U. S. Coast 
Guard, Washington, D. C.): In Paper no. 
60-145, Mr. Hall and Mr. McSweeney have 
proposed a scheme of grounding the genera- 
tor neutral through a low-impedance reac- 
tor and ground-disconnect switch. The 
rest of the system apparently is left as it 
was when ungrounded. Then they infer 
that ground detection is not needed now 
since ground faults will be self-locating. 
This is all very good if we still have a satis- 
factory system, but several questions arise: 
Since in the ungrounded system ground 
faults would eventually be self-locating, 
why have ground detection on ungrounded 
systems? I have asked this question of 
many in the marine field. They all agree 
that ground detection should be provided 
for ungrounded systems because it con- 
tinuously gives a measure of the insulation 
condition in the electric system and operat- 
ing personnel have the opportunity to take 
corrective action before complete insulation 
failure occurs. This leads to my second 
question: Why should ground detection be 
provided for an ungrounded system and not 
for a grounded-neutral system? 
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As the authors have stated, marine elec- 
tric plants continue to increase in size. In 
today’s marine electric plant the possible 
short-circuit current at a point in the system 
may exceed the interrupting rating of the 
usual circuit breaker or fuse. In this case a 
backup breaker (or current-limiting fuse) 
is furnished with adequate interrupting rat- 
ing and with an instantaneous trip setting 
at not more than 90% of the interrupting 
rating of the device protected. Often one 
breaker will back up several lesser rated 
breakers. This arrangement may not be 
unsafe in an ungrounded system, where 
ground detection affords the opportunity to 
correct impending faults and lessen backup 
breaker operation, but where full fault cur- 
rents are more probable, as in the proposed 
system, operation of backup breakers is en- 
couraged. The opening of a backup breaker 
will disrupt power to several services at one 
time, may result in damage to the backed-up 
breakers, and, in fact, could cause the loss 
of the entire plant. Here a third question 
arises: Shouldn’t the use of backup breakers 
be restricted in a grounded-neutral system? 

The answers to these questions would be 
of great assistance. 

In Paper no. 60-146, Mr. Bruning and 
Mr. Lusby made the statement: ‘‘No 
grounded marine 60-cycle 3-phase systems 
have ever been built in the United States.” 
Whenever someone makes a definite state- 
ment like that, someone will always come 
up with an exception. Several vessels in the 
offshore oil industry employ a 3-phase 4- 
wire a-c distribution system. The neutral 
is solidly grounded at the switchboard. 
These installations are small, in the order of 
80 kw, and are reported to operate satis- 
factorily. 


E. Gott and H. Arnemo (Allmanna Svenska 
Elektriska, Vasteras, Sweden): In the paper 
by McSweeney and Hall no mention is made 
of possible circulating currents of overtone 
frequency which may occur between the 
neutral connections of generators operating 
in parallel. Admittedly, the disconnecting 
link between the generator neutral and the 
reactor referred to can be used to disconnect 
any generator neutral to give a suitable 
combination of generator neutral connec- 
tions for minimum current but, should the 
grounded generators be isolated from the 
system by their generator circuit breaker, 
action must be taken to connect another 
generator reactor in order to maintain a 
grounded system. This may be forgotten, 
or take some time, thus leaving the system 
ungrounded in the meantime. In all cir- 
cumstances it is essential that a check, 
under load conditions, be made of the 
magnitude of the circulating currents in the 
generator neutral connections, especially in 
the case of generators which are not identi- 
cal, to determine if any disconnecting ac- 
tion is necessary. 

With regard to the Bruning-Lusby paper, 
we wish to point out that at the introduction 
of alternating current on board ships in 
Swedish shipyards the ungrounded 3-phase 
3-wire power system was used. The first 
ships were for 50 cycles but quite soon 60 
cycles was chosen and, consequently, our 
practice corresponds to that employed in 
the United States. In our experience the 
ungrounded system has proved to be very 
good and effective, causing no trouble. 
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We have no intention of abandoning this 
system. 

With respect to the section in the paper 
dealing with overvoltages, we can repol 
that figures of leakage capacitance, mea 
ured by us on actual installations, have 
given values of about 1-2 microfarads pe 
phase on the power system as well as on the 
110-volt lighting system, the generating 
capacity being maximum 1,200 kw. Th 
values include estimated capacitances 
motors in service simultaneously and it is 
interesting to note that practically half the 
capacitance relates to the rotating machines, 
We have thus not found that there are such 
great variations in capacitance due to th 


interference suppressors are connected, as 
such suppressors may commonly be of the 
order of 2-4 microfarads. As to the value 
of the leakage resistance, given in Table ] 
there appears to be some error (we regar 
values of the order of megohms as normal), 
As pointed out in Paper no. 60-146 
concerning European practice, we strictly 
adhere to the practice of using fuses in out. 
going groups under, say, 300 amperes, in 
cluding motor contactor protection. Th 
system is employed almost exclusively im 
our land installations as well. We have not 
found that this has been detrimental in any 
way and have experienced no trouble due to 
overvoltages in the apparatus or machines 
belonging to the system. 
Regarding the standard test for dielectrie 
strength applied to 450-volt equipment, we 
may say that we have found from practical 
experience that, for a medium-voltage trans: 
former, a 1-minute 50-cycle voltage te 
corresponds to an impulse test value ap- 
proximately 2.3 times higher. Admittedly, 
the two tests are not equivalent as the 50: 
cycle test concerns the dielectric strength 
relative to earth but as an indication of the 
relationship the value may be used. Wi 
switching surges, however, it was found 
that this value should be reduced to ap 
proximately 1.9. Assuming this to apply 
roughly to other equipment, the figure 
quoted would give an impulse test value of 
about 4,000 volts which covers the reported _ 
values of overvoltages with considerable 
margin. 7, 
Indicator lights may be used for ground- 
fault annunciation but we have used a 
method of superimposing a d-c measuring 
current on the different systems and are 
thus able to obtain a continuous check on 
the insulation level of the systems by means 
of an appropriate ammeter with a megohm 
scale. We consider this possibility to be a 
great advantage of the ungrounded system 
as information of variations in insulation 
level can, with time, be of value in preven- 
tive servicing. 
We have always maintained that internal 
protection of generators is vital despite the 
fact that also in our experience internal 
faults to ground on different phases have 
not occurred; furthermore, we consider that 
demagnetization must take place to lessen 
any damage as, with alternating currents, 
the prime mover does not become overloaded, 
in the case of a short circuit on the genera- 
tor side as it does with direct current. We 
have, therefore, always brought out the 
generator neutral, but with the winding 
methods used by us have found no difficulty 
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selecting windings for Y-connected 
erators to give satisfactory waveform 
minimum size of generator. The point 
rred to in the paper as a disadvantage 
the grounded system has, therefore, no 
significance in our opinion. 
n our case the 120-volt distribution sys- 
is also ungrounded which enables us to 
intain a continuous check on the insula- 
n level of this system as indicated. 


J. Tuke (Shell Tankers, Limited, Lon- 
, England): I wish to comment first on 
McSweeney—Hall paper, no. 60-145. 
view of my later statements on Paper no. 
cM it is rather difficult to avoid wide- 
ead conflict with the views of these 
thors, although again the variation arises 
the relative emphasis placed on the 
guments rather than with the arguments 
emselves. 
The general statement in the first-men- 
med paper that “in many instances the 
sulation works to the rated limit’’ indeed 
rikes a strange note. I do not believe 
is is generally the case and would cer- 
inly not accept equipment for our own 
ips if it assumed temperatures on test 
hich indicated that when the ship would 
-in zones of high ambient temperature the 
sulation would reach its maximum safe 
mperature, this being due partly to the 
treme difficulty in estimating closely the 
cal air temperature surrounding any par- 
cular item of equipment in the ship. In 
sneral, it is more worthwhile for the ship 
wner to pay for a reasonable margin of 
fety in the machine ratings (particularly 
ith regard to insulation temperatures) than 
“clutter up’”’ the installation with quanti- 
es of purely industrial-type relays, some 
> which do not stand up to marine condi- 
ous and which themselves create interrup- 
ons in the supply rather than afford pro- 
ction against legitimate faults. 

With regard to ground lamps, while shar- 
ig the authors’ view that there is the 
anger that ground-lamp indication may 
ot receive the degree of attention which it 
iould, we have taken a number of steps 
with a measure of success) to overcome this 
ificulty. In the first place, all ships’ per- 
ynnel are instructed that ground lamps are 
atning devices rather than indication de- 
ices and, in the second place, ground lamps 
ust be energized at all times as we have 
ever understood the wisdom of using push- 
uttons or switches spring-loaded to the 
off” position for a device which is intended 
yr continuously monitoring a safe condi- 
ion. 

Another feature which counters this diffi- 
ulty is the arrangement of the ground- 
etecting circuits so that the monitoring 
oint can be changed by a single switch from 
ne part of the ship to another to facilitate 
cation of faults at the 440-volt load-dis- 
bution centers. In practice this means 
mat the ground lamps on the main switch- 
oard are arranged so that the ground con- 
ection is led to the midships subswitch- 
oatd and connected to ground via a nor- 
jally closed contact of a switch on the mid- 
hips subswitchboard. This same switch, 
then closed, disconnects the ground lamps 
n the main switchboard and completes the 
ircuits to a second set of ground lamps on 
he midships subswitchboard. Therefore, 
-a ground should occur on the midships 
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section of the installation, location is very 
much facilitated. 

Grounds on the 440-volt system are, 
happily, infrequent and the possibility of a 
second ground occurring before the first is 
clear is sufficiently remote in practice to be 
almost disregarded. These facts strongly 
support the adoption of the ungrounded sys- 
tem for important loads. 

Summarizing then, having expressed sup- 
port for the views expressed by the Brun- 
ing-Lushy paper, it is difficult to avoid con- 
flicting with the views of Mr. McSweeney 
and Mr. Hall, particularly in respect to 
their conclusion no. 6. 

It is appreciated that the subject is still 
in its infancy and although there has been 
a sizable installation completed in Great 
Britain for a passenger ship (17. V. Bergens- 
fjoord, 1956) with a grounded-neutral sys- 
tem, and various publications issued, these 
have not influenced our conviction that 
essential loads should be operated on an 
ungrounded system. 

With reference to the Bruning-Lusby 
paper, I find that while I agree with many 
of their arguments of a technical charac- 
ter, the evaluation of these arguments and 
hence the final conclusions which must de- 
pend upon the amount of stress attributed 
to them are not completely in line with our 
present tendencies, particularly in the case 
of the McSweeney-Hall paper discussed 
previously. As my company is basically 
concerned with operating a tanker fleet, 
the following remarks are necessarily made 
with a bias towards tanker installations, 
extrapolated here and there to cover larger 
installations. The remarks are, however, 
confined to practical operating features 
rather than to theory. 

Ali vessels in our fleet are equipped with 
installations of which the neutrals are not 
grounded, since this is a special requirement 
of Lloyd’s Register for oil tankers. Even if 
this were not the case, however, I would 
quite definitely oppose any change in this 
policy. 

At the beginning of the paper, Mr. 
Bruning and Mr. Lusby give an order of 
priority for required loads with which I am 
unable to agree. The emphasis underlying 
the electrical installations on our ships is 
that those auxiliaries directly associated 
with steam raising, i.e., forced draught fans, 
fuel-oil pumps, etc., and those associated 
with the auxiliary turboalternator for the 
maintenance of auxiliary power supply such 
as turboalternator condenser cooling-water 
circulating pumps and condensate extraction 
pumps, are of first priority. Communica- 
tion and selected lighting loads, while ob- 
viously important, are, in our estimation, 
of secondary priority compared with those 
just enumerated. 

This may also be associated with a rather 
fundamental difference in concept for dis- 
tribution systems which exists between 
American practice and our own. In the 
former case, for a ship with two turboalterna- 
tors and one diesel alternator as in a tanker, 
regulations require that the auxiliary diesel 
alternator shall start automatically and op- 
erate in conjunction with a self-disconnect- 
ing emergency bus system throughout the 
ship, ensuring that only selected loads are 
supplied by the auxiliary diesel alternator; 
these selected loads cover in general the 
lightning and communication circuits. Our 
approach to this problem is based on the 
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concept that the auxiliary diesel alternator 
can supply the main bus system and the 
distribution of its power as determined by 
the engineroom staff which decides which 
loads should assume highest priority for the 
limited power available if the main power 
supply is lost under any given set of cir- 
cumstances. The decision depends, for in- 
stance, on whether the loss of power occurs 
in open waters or in confined waters. In 
conjunction with this system, there is a 
battery-operated emergency lighting system 
in the machinery space which functions 
automatically on the loss of normal light- 
ing supply. 

In summary, then, in the American sys- 
tem, the auxiliary alternator is regarded as 
an emergency alternator mounted outside 
the engineroom on boat deck level. This 
system tends to reflect slightly more faith 
and depends to a lesser degree on the ability 
of the operating personnel than does our sys- 
tem in which the auxiliary alternator is 
deemed to be more in the category of an 
auxiliary to the main plant, and is mounted 
in the engineroom. 

Perhaps I should add that we have a 
number of American-built ships in our fleet 
and both systems give satisfactory results, 
but the preference is for the elimination of 
automatic features as far as possible. 

Under the heading ‘‘3-Phase 3-Wire Sys- 
tem Considerations’ we would classify 
“continuity of service” well above all other 
factors listed and would not accept any 
system which would be capable of suddenly 
depriving one of the services of some vital 
auxiliary machine without warning in the 
case of a ground developing. Of the con- 
siderations listed, it appears to us as though 
overvoltages, safety, number of trip ele- 
ments, and expense can produce arguments 
both ways, but in our case continuity of 
service alone would decide the issue even if 
the classification societies permitted any 
choice in the matter. 

It is noted also that ‘‘switching transients” 
are more likely to occur, in the authors’ 
view, with fuses than with “properly applied 
cireuit switching devices.” Hereby lies 
another difference in outlook since we tend 
to use the HRC fuse more widely than the 
circuit breaker for distribution circuits and 
have had only one suspected case of switch- 
ing transients in approximately 250 ship- 
years of operation. Again, based on ex- 
perience with the American-built ships in our 
fleet, we must acknowledge that circuit 
breakers provide similarly reliable service. 

In the paper, Mr. Bruning and Mr. Lusby 
refer to the possibility of adopting a 
grounded system for lighting where faults 
are more likely to occur. Our indications 
are that we would expect to be faced with 
approximately 50 faults on the lighting 
system (115 volts) for every ground on the 
main system (440 volts) and we do support 
the view that nonessential circuits of light- 
ing systems only may benefit by operating 
with grounded neutral. It is felt, however, 
that for essential low-voltage circuits such as 
communications, navigation lights, etc., the 
need for maintaining continuity of supply 
supports the adoption of ungrounded sys- 
tems. In short, it is suggested that the low- 
voltage distribution network should be 
divided into essential and nonessential 
categories with the ungrounded system be- 
ing used for the former and the grounded 
system for the latter. 


307 


1 find myself also in almost complete 
agreement with the four conclusions of this 
paper. 


D. Gray (Lloyd’s Register of Shipping, 
London, England): We have had very 
little experience with the grounded system 
in Europe. Almost all a-c systems are fully 
insulated. I have read Paper no. 6(C-145, 
as well as Paper no. 60-146, and while we 
would agree with the writers in their com- 
ments on fault currents, overvoltages, 
shock risk, and difficulty of fault location in 
the insulated system, the prime reason why 
the insulated system is favored in England 
is “continuity of service,” i.e., two faults 
are required before a service is lost. This, 
without doubt, is considered to be an out- 
standing advantage. 

Regarding the difficulty of fault location, 
this is not as difficult as Mr. McSweeney 
and Mr. Hallimply. It is possible to have 
the ground lamps switched so that they can 
detect ground faults on any section of the 
system, all indication being on the main 
switchboard. 

I strongly disagree with Mr. McSweeney 
and Mr. Hall on their conclusion no. 6. 

In general, I think that current thinking 
here is as follows: Where continuity of serv- 
ice is essential the insulated system should 
be used. Where continuity of service is 
not essential, the grounded system could be 
used. As most ships have both essential 
and nonessential equipment, a combina- 
tion of both could be used if desired, e.g., 
insulated for power and grounded for light- 
ing services. 

I must add that this view does not agree 
with views held in Germany, where single- 
wire hull return. is held to be safer and more 
reliable, i.e., the reverse of views held in the 
United Kingdom. 


G. O. Watson (Chartered Electrical En- 
gineer, London, England): Having fol- 
lowed the discussions on this problem for 
several years, I can say without hesitation 
that I consider Papers no. 60-145 and 60- 
146 as comprising the most complete and 
exhaustive appraisal of the subject yet 
presented. 

I regret that the space at my disposal for 
discussing these papers does not permit a 
detailed reply and analysis of the argu- 
ments which would approach the high level 
which they merit and I must be content 
with a few random comments. 

1. It must be assumed that from the 
point of view of human safety neither sys- 
tem is safe: 260 volts can be fatal, espe- 
cially under shipboard conditions, and a 450- 
volt “insulated” system will always have 
sufficient leakage current plus the risk of a 
ground fault to make it lethal. 

2. Mr. McSweeney and Mr. Hall imply, 
unless I have misinterpreted them, that in 
modern machine design insulation is “‘worked 
up to its permissible limit’? and that an in- 
crease of operating voltage stress of 73% is 
likely to result in failure if allowed to con- 
tinue. 

If this is true then I would say categori- 
cally that it is cutting things too fine for the 
degree of safety we expect in ships. British 
Standards for machines engaged on priority 
services is that the windings must be in- 
sulated from ground with mica or the 
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equivalent and this insures a high standard 
of insulation from ground. 

3. Ona grounded system a ground fault 
may be such that the fault current plus the 
load current is less than the setting of the 
protective device whether it is fuse or circuit 
breaker, and the fault current may be con- 
siderable and such as to constitute a serious 
fire risk and yet the protective device will 
not operate. 

To cope with such risks it is usual in land 
installations to provide ground-leakage pro- 
tection which will disconnect the supply 
when the leakage exceeds a relatively small 
value. To fit each circuit in a ship with such 
protection would considerably complicate 
the installation and increase the liability 
of frequent interruption of supplies. 

It may be said that similar risks exist with 
insulated systems when there is atl un- 
cleared ground fault. However, then the 
risk is not continuously present and persists 
only util the personnel locate and clear it. 
The difficulties entailed in doing so are very 
well described by McSweeney and Hall but 
neglect to act should not be tolerated and the 
importance of taking remedial action should 
be strongly impressed. 

Incidentally, this factor stresses the need 
for insistance on first-class apparatus and 
materials and workmanship during in- 
stallation to reduce the hazard of ground 
fault. 

It is a mistake to assume that all grounds 
will be of low resistance. They are just as 
likely to be arcing faults or faults in wind- 
ings such as contactor coils, transformers, 
etc. The fault current must find its way 
back to the generator via the hull and if there 
should be a weak spot in this return path 
local heating will occur. This is liable to 
occur with apparatus in the superstructure 
and particularly in aluminum  super- 
structures which are insulated from the 
main structure in order to inhibit corrosion. 

I have always understood that American 
marine engineers were strongly opposed to 
d-c systems based on hullreturn. It would 
seem to me that a-c systems with grounded 
neutral, depending on the hull for the return 
in the event of faults, are very closely akin 
to the unwanted d-c system. 

4, If fuses are used on a grounded 3- 
phase system, a fault on one phase will result 
in single-phasing. Fuses are used almost 
universally for circuit protection in Euro- 
pean ships. 

5. I would appreciate an explanation of 
the statement under the heading “Solidly 
Grounded” in the McSweeney-Hall paper 
in which the bracing of windings is referred 
to. Should it read “are not braced with- 
stand” etc.? The statement has the effect 
that because they are braced they will suffer 
damage in a line-to-ground fault. 

6. In a grounded system leakages to 
ground can occur throughout the system 
and remain undetected until they either 
become of sufficient magnitude to trip a 
protective device or start a fire. 

It was the difficulty of monitoring or 
meggering d-c systems with hull return 
which made them unpopular with classifica- 
tion societies. 

7. As there is one large passenger ship 
in commission with a grounded neutral, AZ. V. 
Bergensfiord, it would be interesting: (a) to 
have a report by the owners of their opera- 
tional experiences; and (b) to examine the 
circuitry and protection system and com- 
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pare it with a normal ungrounded install] 
tion. i 

The main agrument against the i 
grounded system is the possibility of 
voltages. Mr. Bruning and Mr. Lusby¢d 
count these risks in their paper and say # 
evidence that they are the causes of bri 
down is lacking, and they give some rea 
This seems to me the crux of the v 
matter. Are overvoltages a valid risk | 
marine equipments? And is not the 
of an outage due to a single ground a gr 
hazard to vital services with a grou 
neutral? 

Where a grounded connection is nece 
for rapid-start fluorescent lamps there is 
objection to grounding the neutral on fi 
secondary side of the lighting transfor 
This is a relatively small local system 
the main arguments against grounding 7 
main distribution system do not ap} 1) 
No vital services are involved and tif 
current ratings of the circuits are ye) 
paratively small. However some f chi 
factors are dealt with by Bruning an 
Lusby. 


J. M. Apple (Bureau of Ships, U. S. Naw 
Department, Washington, D. C.): Frog 
Paper no. 60-145 by McSweeney and Had 


a grounded-neutral a-c system are claima 
over an ungrounded neutral system: 


1. Elimination of sustained overvoltage 
2. Fewer number of grounds during il 
of ship. 
8. Reduction of maintenance task | 
locating grounds. t 
4. An effective reduction in shoo 
hazard to personnel. i 

5. Improved continuity of power supf 


Since these claimed advantages are m2 


appears doubtful that many ship designed 
or operators, who have had numerous ye ad 
of successful experience with an ungroundé 
system, will agree with the authors on th 
desirability of a grounded system. It 
recognized that any data or experience c} 
actual grounded-neutral a-c marine eleé 
trical installations is difficult to obtain, bi 
cause of the apparent preponderance of af 
throughout the world of ungrounded system} 
There is one notable exception in that it }} 
understood the Germans have successful) 
used 380/220-volt 3-phase a-c neutrey 
grounded hull return systems. How 
their claimed advantages for such a sy: 
appear to place the major emphasis 
reduction in fire hazard. Mr. McSweena 
and Mr. Hall’s comments on this claima 
advantage would be of interest, since tha 
do not list this as a reason for grounding. | 
Although this question of relative safet} 
from fire hazard, and, in the case of tanker 
from the explosion hazard, is too broa 
cover fully in this short discussion, a 
pertinent comments are submitted for 
sideration. (The Germans apparently 
sider the fire hazard to exist in moistt) 
faults in wooden panels of accommodatial 
spaces and in the case of explosion hazare 
on tankers, an arc in either type of svat | 
can cause an explosion.) ; 
The fire hazard can be considered in t 
parts: first, those fires caused by a c 
tinuous high-impedance fault genera: Hird 
heat, and second, those caused by an arcir] 


| 
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ult. In the first case there are many 
riables contributing to the fire hazard and 
ider the right conditions these can result 

a fire in any type of electric system. 
hese variables include the capacity of 
ie energy source, the temperature rise in 
ie fault, and the presence of combustible 
aterials. Briefly, the argument for an 
agrounded system to reduce this hazard is 
redicated on the basis that features are 
rovided which permit the operators to 
aintain the leakage to ground on the un- 
ulted leg to a low value that reduces the 
robability of reaching the necessary com- 
ination of variables on the faulted leg to 
ause a fire. In effect, this precept pro- 
ides for a limitation of the capacity of the 
nergy source. 

As to arcing grounds, reference 1 is a 
ery good presentation of the problems and 
he potential damage that can be caused 
yy an arcing fault on a grounded-neutral sys- 
em with direct-acting overcurrent protective 
levices. Here again, the maintenance of a 
ow leakage on the unfaulted leg of an 
ingrounded system will provide, in effect, 
. high-impedance energy source thereby 
esulting in self-clearing of the are in 1/2 
-ycle. 

This same reduction in are energy by the 
ise of an ungrounded system is also con- 
‘idered a factor in reducing the explosive 
1azard on tankers. 

The second paper, by Bruning and Lusby, 
sovers the items of safety and continuity 
of service which are considered to be of 
the utmost importance in designing an elec- 
tric system for shipboard application. 
However, under the safety aspects only the 
electric shock hazard and the personnel 
danger from electric arcs are discussed. 
In ship designs great stress has always been 
placed on making ships as safe as possible 
for personnel and reducing probabilities 
of property damage. The reduction of 
potential fire and explosion hazards of 
electrical origin have been very important 
in achieving these safety goals. In most 
eases increased equipment cost and more 
maintenance are fully justified if a reduc- 
tion of these fire and explosion hazards can 
be achieved. In item 4 under the heading 
“Difficulty of Properly Grounding,” the 
authors indicate an increase in probability 
of fires due to the increase in the number of 
line-to-ground faults on a grounded system. 
Assuming that the number of faults will 
be the same on the two types of systems, 
does the authors’ lack of detailed discussion 
on these aspects indicate that they consider 
there is no choice between a grounded or 
ungrounded electric system in regard to 
relative safety from fires and explosions? 

Conclusion 2 of the Bruning-Lusby paper 
states that the problem of locating the rela- 
tively few hard-to-find line-to-ground faults 
on a floating system can be solved by 
grounding. This will only be true where the 
impedance of the fault is low enough to 
provide for sufficient current to trip the 
protective device. 

With direct-acting overcurrent protec- 
tive devices the resulting current will 
probably result in damage to the equip- 
ment in which the fault is located. It might 
be inferred from the authors’ conclusion that 
it would be desirable to operate a system 
ungrounded until the ground detector in- 
dicates a ground on one line and then a 
switch could be closed to connect the neutral 
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to ground, thereby causing the current to 
trip a protective device isolating the faulted 
circuit. Although such a scheme is possi- 
ble, it would probably result in more dam- 
age to equipment, necessitating replace- 
ment, and increase the probability of fire 
than would be involved in the conventional 
method of ground location in an ungrounded 
system. Experience has shown that the 
majority of such single line-to-ground faults 
on an ungrounded system can be located in 
the conventional manner and cleared without 
the necessity for replacement of damaged 
equipment. This reasoning leads to the 
conclusion that even where you have systems 
where continuity of supply may not be im- 
portant, such as low-voltage secondary sys- 
tems, the use of a grounded system to 
locate line-to-ground faults is very un- 
desirable. 
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H. P. Walker (Bureau of Ships, U. S. Navy, 
Washington, D. C.): In conclusions 1 and 2 
of Paper no. 60-145, Mr. McSweeney and 
Mr. Hall indicate that neutral grounding will 
eliminate sustained overvoltages and that 
fewer grounds will occur because of the re- 
duction of strain on the insulation due to 
elimination of protracted overvoltages. 

Referring to the second paragraph on over- 
voltages and to Fig. 3, the authors infer that 
the difference between 260 and 450 volts 
will reduce the strain on the insulation. 
This comparison is like stating that 3 volts 
will kill you quicker than 1 volt. Actually, 
Fig. 3 is a relationship of time and voltage 
in the breakdown area and is not believed to 
be significant in the range of 260-450 volts. 
If actual values are considered for a typical 
insulation having a dielectric strength of 
740 volts per mil using the one-minute 
step-by-step test, then a 0.010 insulation 
would have a dielectric strength of 7,400 
volts. Following the extrapolation of Fig. 
3, to say, 10 years would yield a 40% value 
of breakdown strength of 2,960 volts. Other 
data show a decline to 25% for the same 
period of time which would yield a dielectric 
strength of 1,850 volts. In either case it 
would appear that an adequate level of 
dielectric strength is maintained. 

The third paragraph under overvoltages 
discusses overvoltages due to resonance. 
It would be interesting to know in what 
shipboard installations the 4 to 5 times over- 
voltages have been observed and what type 
of inductive devices cattsed the resonance 
condition, and also the specific type of in- 
sulation application and location of the 
equipment that failed throughout the sys- 
tem under these conditions. 

The fourth paragraph under overvoltages 
discusses arcing faults. It would be in- 
teresting to know of specific cases in ship- 
board systems where this has occurred and 
what happened to the insulation used. 

In paper no. 60.146, under the heading 
“Undervoltages,”’ Mr Bruning and Mr. 
Lusby discuss insulation dielectric strength 
for 450-volt equipment and state that a 
common ground wall may be 0.010 inch, 
which would support 20,000 volts for ap- 
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proximately 20 years. No explanation is 
given as to the materials and construction of 
the ground wall or the characteristics of the 
voltage as to time of application. Al- 
though the statement by the authors that 
“for 450-volt equipment, the insulation-to- 
ground permissible gradient is many times 
any recorded transient overvoltage”’ is con- 
sidered to be correct, the following data are 
submitted to substantiate that the type of 
insulation used for Navy shipboard electric 
equipment is satisfactory for use on un- 
grounded systems. 

Moses, Clokey, and Wolford, in an un- 
published conference paper, state that a 
satisfactory insulation system should have, 
when new, not less than three times the 
breakdown of the air spacing to qualify it as 
a satisfactory dielectric barrier and at the 
end point of useful life it should still be able 
to maintain at least 11/5 times the dielectric 
breakdown of the equivalent air spacing 
even under conditions of severe humidifica- 
tion. 

If the breakdown of air is established as 
1,500 volts, for a 0.010-inch spacing using a-c 
rms voltage,! then a satisfactory 0.010-inch 
insulation should have a breakdown value 
of 4,500 volts and an end-of-life value of 
1,650 volts. If this criterion was adhered to, 
then the equivalent rms voltage surges re- 
ported in Table III by the authors of 1,770 
volts maximum would indicate no practical 
margin of safety. 

Actual Government laboratory tests on 
many slot-cell flexible materials indicate 
dielectric strength values as follows after 
conditioning, heat aging, and humidification: 


1. Class A composite materials average 
about 1,800 volts for a 0.007-inch thickness 
or 260 volts per minute. 

2. Class A composite materials with plastic 
film cover sheath average about 7,500 volts 
for a 0.007-inch thickness or 1,070 volts per 
minute. 

3. Class B materials using mica average 
about 7,100 volts for a 0.008-inch thickness 
or 890 volts per minute. 


The thickness of ground insulation is 
usually decided upon by the equipment 
designer and is selected on the basis of the 
voltage requirements and mechanical han- 
dlingability. In general, most designs utilize 
thicknesses in excess of 0.010 inch. It is 
evident then that most electric equipment 
is designed with an adequate margin of 
safety and the lack of shipboard overvoltage 
failures indicates that the designs are satis- 
factory in service. It is believed that the 
authors’ statement would be more correct 
if the ground wall of 0.010 inch were said to 
support 8,000 volts for a normal life ex- 
pectancy. 
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V. W. Mayer (U. S. Department of Com- 
merce, Maritime Administration, Washing- 
ton, D. C.): Mr. McSweeney and Mr. 
Hall, the authors of Paper no. 60-145, 
deserve commendation for the excellent 
manner in which all of the advantages of the 
grounding systems have been developed. 
They have pointed out in the section on 
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personnel safety that a large number of 
casualties have been caused by the existence 
of a lethal potential on equipment enclosures. 
In our opinion, on a properly constructed 
merchant ship all equipment enclosures 
should be positively grounded, both through 
the cable armor and through the equipment 
mounting. Equipment installed on vibra- 
tion mounts or otherwise insulated from the 
hull of the ship are required to be equipped 
with ground connections. 

We cannot agree that a qualified man deal- 
ing with an ungrounded system will consider 
himself safe to the extent of carelessly con- 
tacting one phase of a live circuit. It is 
believed he will have equal respect for the 
voltages under discussion regardless of 
whether or not the system is grounded. 

We agree with the theory expressed in the 
description appearing in the second para- 
graph under heading ‘‘Overvoltage.’’ The 
authors are requested to advise what dam- 
aging effect could be expected with this over- 
voltage on a 450-volt distribution system. 

Reference is made by the authors to nu- 
merous simultaneous installation failures 
throughout the system with many grounds 
and burned-out coils, motors, etc., caused by 
creation of a series-resonant circuit through 
ground. Since the Maritime Administra- 
tion has been unable to obtain evidence 
which would support even moderate failures 
of equipment as a result of this type of over- 
voltage on merchant ships, it would be 
helpful if Mr. McSweeney and Mr. Hall 
would provide more specific detailed informa~ 
tion as to the merchant ships on which such 
failures have occurred and the extent of 
replacement or repairs which were necessary. 

The value of an ungrounded system on 
shipboard should not be overlooked since 
the operation of the system would not be 
affected by the first ground. Thus at least 
two ground faults would be required to cause 
any interruption of service. 

Paper no. 60-146 by Bruning and Lusby 
covers an excellent presentation of a very 
interesting and timely subject. It is con- 
sidered to be quite informative and in the 
course of our review we have made the 
following observations. 

The damaging effect of a moderate 24,- 
000-ampere fault current which may lead to 
pressures of 1,000 pounds per square inch 
generated in the equipment has been pointed 
out in the section on safety. While we agree 
that such levels should be avoided whenever 
possible, we believe that 24,000-ampere fault 
currents should not cause appreciable dam- 
age on a properly protected circuit. 

In general we do not disagree with the 
discussion under this section and we are 
not convinced that the grounded system 
for shipboard installations is superior to the 
ungrounded system. However, since the 
National Electric Code recommends that 
systems be grounded and because safety is 
the primary reason for the existence of the 
Code which is nationally accepted for shore 
installations, the possible advantages of 

grounded systems cannot be overlooked. 
It would be helpful if the authors of this 
paper could clarify why the same safety 
reasoning for selection of the grounded sys- 
tem for shore installation by the National 
Electric Code should not apply for shipboard 
installation. 
It is not believed the application of differ- 
ential protection for marine generators 
would present any problems because of 
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suitable equipment not being available as 
indicated in the section which describes the 
“Difficulty of Properly Grounding.” We 
have no record of multiple grounds causing 
the destruction of a marine generator on 
shipboard, and because of the large number 
of machines which have been in service over 
the years it is our opinion that differential 
protection for generators on ungrounded sys- 
tems cannot be economically justified and 
that the present practice should, therefore, 
be continued. 

In connection with the size of Y-con- 
nected generators, investigation reveals 
that practically all marine generators in- 
stalled under the cognizance of the Maritime 
Administration have been Y-connected and 
recently some of the machines have had all 
windings brought out to terminals, It would, 
therefore, appear that grounded systems 
should not greatly affect the machine 
design. 


P, Smith (The Admiralty Engineering Lab- 
oratory, West Drayton, England): I and 
some of my colleagues have studied Papers 
no. 60-145 and 60-146 with considerable 
interest. We are not able to offer any 
serious comment on this controversial sub- 
ject becatise our experience in the British 
Navy with a-c ships is limited to about 10 
years, and although a-c systems are now 
being installed in liners and tankers, the 
tendency is to follow naval practice which 
is to use an ungrounded system. 

We adopted the ungrounded system for 
reasons which are dealt with in the Bruning- 
Lusby paper and in order to standardize 
with the United States, and to date have 
found no tangible reason to doubt the 
wisdom of our decision. It is interesting to 
note that a number of 10,000-ton mainte- 
nance ships were built in Canada for the 
British Navy during the war and they had a 
modest a-c installation consisting of one 300- 
kw steam generator and four 150-kw diesel 
generators with the neutral connections 
grounded at the generators. The connec- 
tions were made individually to the stator 
frame of the steam generator and the 
terminal box of the diesel generators. Un- 
fortunately these ships were little used as the 
war had ended when they were completed, 
and while a number have been modernized 
and converted for other purposes, this has 
generally resulted in a complete remodeling 
of the electric system and the neutral 
grounds have been disconnected to conform 
with our current practice. We have no 
information regarding the performance of 
these systems with grounded neutral, but 
there were apparently no troubles which 
could be traced to this. 

There is, I think, quite a body of opinion 
in the United Kingdom which supports an 
ungrounded system for generation and 440- 
volt power distribution, but with grounded 
secondary systems for lighting, small power, 
etc. This, I think, is a good compromise 
arrangement, but I have not had any first- 
hand experience with such a scheme. 


J. Garagnon (Service Techniqu Des Con- 
structions et Armes Navyales, Paris, France): 
I understand the interest that would be 
aroused in the discussion of Papers no. 
60-145 and 60-146 by the presentation of 
the results of experiments on the exploita- 
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tion of ships equipped with a sys 
grounded to the hull of the ship. A 
liners of French construction fall within 
this category, but I would like to point out 
that on French Navy ships, the elec 
installations of which fall within my jt 
diction, the neutral of the electric system 
is always insulated. I cannot, therefore 
furnish any details of personal experim 
tation on the behavior in actual ser 
of a system with a neutral grounded ~ 
the hull of the ship. As farasI am e 
cerned, I remain partial to the princi 
of insulating the neutral of a-c distri 
tion systems on board ships, whether it 
lates to the power system at 440 volts Nt 
to a lighting system at 115 volts. ! 

With regard to the problems raised 
the paper by A. M. Bruning and E. 
Lusby, I would like to make the followin; 
comments. 

Overvoltage: To date it has not bee 
established that damage has been caused bi 
transitory excess voltage on our ships. 

Location of faults: Our ships are p 
vided at each “‘power” switchboard and 
each “‘lighting” switchboard with an instrt 
ment for checking insulation ' resistance 
relative to the ground, of the insulated sys- 
tem. (A direct voltage is applied between} 
an artificial neutral point and the hull of tt 
ship, through a high level of impedance 
and the continuous or direct current | 
measured by means of milliammeter ie | 
uated in ohms.) I believe that the poss i- 
bility of following the development of i 
sulation failure is of great importance | 
connection with the operation of a sys- 
tem. 

As a matter of information, general i 
sulation to ground, as read from the variou 
switchboards on our ships, is on the order 
100,000 ohms. Any insulation below 50,000 
ohms is considered insufficient, without ni 
cessitating an immediate search for the we 
point in the system. Continuity of serv 
remains the primary consideration. 
general, the search for a fault is great 
facilitated by maintenance of logs of per 
odical insulation measurements made by the! 
electrical personnel on board ship for each 
part of the system. 

Safety: It is evident that, considerin 
the usual extent of the electric system of 
ship with an insulated neutral, the capacitive 
currents between phase and ground ar 
dangerous as far as personnel safety is con 
cerned. , 

Difficulty of properly grounding: Th 
statement that “European ships ...” is| 
inaccurate in this general form. On the! 
other hand, certain systems exist for the L 
differential protection of generators on | 
board ship against internal faults. : | 

: ’ 


Harry G. Parke (Marine Electric Corporal | 
tion, Brooklyn, N. Y.): These two papers | 
(and the discussions) present an admirably _ 
thorough and vigorous discussion of most _ 
aspects of the grounded versus ungrounded — 
auxiliary-power-system controversy. Tie} 
seems to me, however, that the question of 
personnel safety has been far too a 


gerous?”’ It is this that seems.to be one o 
the strongest arguments for the use of th 
grounded-neutral system. 
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From the papers under discussion the 
lowing conclusions may be drawn: 


In a fairly large system the capacitance 
) ground is sufficient to permit a current of 
mperes to flow through a man connected 
om a line to ground. Therefore, any 
ipposed safety deriving from the insulated 
sutral is imaginary. 

-Ju the grounded-neutral 450/260-volt 
stem the maximum phase-to-ground volt- 
ze is 260 volts. 

In the ungrounded-neutral system the 
huse-to-ground voltage may be 450 volts if 
iere is a phase-to-ground fault on another 
hase. Even without a fault, high phase- 
)-ground voltages may exist in the case of 
nequal capacitance to ground among 
hases. 


Therefore, the question of the relative 
ifety of the two systems reduces to the 
uestion of the relative deadliness of 260 
nd 450 volts. 

As is well known,!~? the physiological 
fects of electric shock are determined by 
1e current flowing through the body and 
ae organs through which it flows. Deaths 
‘om voltage below 1,000 volts are almost 
ivariably the result of ventricular fibrilla- 
ion, a destruction of the heart’s rhythm. 
‘he basic data on ventricular fibrillation 
rere obtained by Dalziel! by experiments on 
sveral species of animals. He found that 
ital currents were proportional to body 
eight. Applying his data to man yields 
he following conclusions: For a 3-second 
hock, a current of 95-107 ma (milliamperes) 
rill be lethal to 1/2%, of 258-290 ma to 
0%, and of 420-470 ma to 991/.% of 70 
ilogram men. 

The current that will flow through the 
ody from contact with a given voltage de- 
ends on the voltage, individual skin char- 
eteristics, and area of contact. The basic 
ata were taken by Gilbert? and have 
een further analyzed by Schecter. Body 
sistances show a wide range of variation 
ut are generally in the range of one to 
=veral thousand ohms for small area con- 
acts and further decrease considerably at 
igher voltages. 

By comparing data from the references 
sted it may be seen that a 2-square-centi- 
ieter contact with a sweaty hand (such as 
uight be produced by a finger accidentally 
rushing a live wire) wouid leave the 
ietim with 200-to-1 odds in favor of survival 
‘the voltage were 260, and a 50% chance 
‘the voltage were 450. A somewhat better 
ontact would result in a 50% chance of 
urvival from a 260-volt contact, and almost 
ertain death from a 450-volt contact. 
ince most contacts would he expected to be 
lancing and in a small area, a 450-volt line- 
9-ground voltage must be regarded as far 
1ore deadly than a 260-volt line-to-ground 
oltage. 

The situation shown in Fig. 2 of the 
sruning-Lusby paper is especially dangerous 
ince it presents the likelihood of large area 
ontact to a supposedly safe surface. As 
fr. Bruning and Mr. Lusby rightly point 
ut, a sufficiently poor equipment ground to 
ermit a dangerous use of voltage on the 
quipment frame will draw insufficient cur- 
snt to trip the circuit breakers. It is true 
hat danger is equally likely in both systems, 
ut the danger is greater with the un- 
rounded system since the voltage is likely 
) be higher. 
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The grounded-neutral system is not de- 
pendent on the overcurrent tripping of cir- 
cuit breakers for detection of light grounds. 
Sensitive ground-current ammeters are now 
available which are capable of detecting 
ground currents of under an ampere and 
would certainly appear to belong in any such 
system. In the case of ungrounded systems 
the frequent European practice (mentioned 
by several previous discussers) of having a 
resistance-measuring device constantly op- 
erating between neutral and ground would 
similarly protect against faults in equip- 
ment with high-resistance local grounds 
and seems to me to be far superior to 
ground lamps. 
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Closing Remarks 


R. J. McSweeney and W. A. Hall: We 
would like to express our appreciation and 
thanks to all discussers for their interesting 
and discerning comments, and are gratified 
at the amount of interest shown in this 
topic. So many of the points debated are 
apparently irresoluble without operating 
experience that it is felt the final verdict re- 
garding grounded or ungrounded marine 
systems must await the construction and 
operation of some ships with grounded elec- 
tric systems. 

With respect to certain specific discus- 
sions, we would like to comment as follows: 

We should like to express our thanks to 
Mr. Kaufmann, who has presented an ex- 
cellent discussion which supports and effec- 
tively supplements our paper. 

Commander Estes, U.S. Coast Guard, has 
posed questions in two areas: ground de- 
tection and backup circuit breakers. It is 
true that we inferred that ground-detection 
means are not necessary on a neutral- 
grounded system. We did not, however, 
intend to preclude the use of ground-detect- 
ing schemes. Consideration of this matter 
shows that some advantage may accrue 
from the use of a ground-detection instru- 
ment stich as an ammeter in the neutral 
path. It is possible that such an instru- 
ment could show that ground current was 
higher than normal and could therefore, at 
least in theory, provide a warning of the 
existence of a condition which, unless cor- 
rected,would lead to a fault and a shutdown. 
In our opinion this is a relatively minor 
detail and should not influence a decision 
on the subject of operating “grounded” 
versus “ungrounded.” Regarding the ques- 
tion on backup circuit breakers, we can see 
no reason why a neutral-grounded system 
should cause frequent opening of backup 
breakers. Almost invariably, the fault cur- 
rents at the ends of feeders will be so 
attenuated that only the circuit breaker of 
the faulted circuit will open. Only in the 
event that the branch circuit breaker is 
unable to perform its normal function will 
the backup breaker be called upon to pre- 


vent further damage. It should be remem- 
bered that a “‘backed-up”’ breaker on any sys- 
tem may be damaged to the point of useless- 
ness if it attempts to open a fault current 
beyond its capabilities. If the opening of a 
“backup” breaker does result in loss of an 
entire plant, as mentioned by Commander 
Estes, then the plant layout was not correct 
in the first place in that either (1) backup 
breakers were not supplied in sufficient 
number, or (2) the division of vital loads 
under each backup breaker was incorrect. 

Mr. Raczkowski has correctly quoted a 
portion of the paper by Kaufmann and Page 
when he states that in order to protect 
against arcing faults it would be necessary 
to add extra equipment such as ground over- 
current relay or bus-ground differential pro- 
tection, but Mr. Raczkowski failed to point 
out the fact that Kaufmann and Page fur- 
ther concluded as follows: ‘‘Regarding un- 
grounded systems, about the only practical 
supplemental relay protection available 
would be full 3-phase differential protec- 
tion.” 

In effect then, both systems are subject to 
the same hazards in this regard, but it is 
more expensive to cure on an ungrounded 
system. Faults of this general type are not 
likely to happen on shipboard because gen- 
erally speaking they are caused by working 
“hot”? equipment and this is seldom done 
aboard ship. In favor of the ship’s installa- 
tion is the fact that it is thoroughly checked 
out before the vessel leaves the building yard 
and is not disturbed thereafter by the ship’s 
personnel. Marine gear is very well pro- 
tected mechanically which eliminates 
some of the other hazards. 

We did not ‘‘brush aside”’ the high-resist- 
ance-grounded system because of any great 
affection for the effective grounding, but we 
dismissed it because it does not give auto- 
matic segregation of the faulted area which 
we consider to be an advantage of an 
effectively grounded system. 

Mr. Arnemo and Mr. Gott raise the ques- 
tion of high-frequency circulating currents 
which can obtain when neutral-grounded 
alternators are operated in parallel. Before 
discussing this particular matter, it seems 
necessary to correct a conclusion erroneously 
drawn by the discussers from our paper. It 
was never our intention that the disconnect- 
ing link between the generator neutral and 
the associated grounding reactor be used to 
adjust the system for minimum circulating 
current. The link was only intended as a 
means of complete isolation of a given ma- 
chine to facilitate insulation-resistance read- 
ings. Since insulation-resistance readings 
are taken infrequently, the disconnect link 
would normally remain closed so that each 
active alternator would be grounded through 
its own reactor. It is true that the neutral 
grounding reactors and their associated cir- 
cuitry do provide a path for the circulation 
of third-harmonic currents when the alter- 
nators are operating in parallel. Ifa vessel 
were to be equipped with alternators of 
widely differing design, then the problem 
of circulating current might be a real one and 
certainly should be given consideration. In 
American practice, to the best of our knowl- 
edge, such an installation has never been 
considered. If then, we consider only 
vessels containing practically identical 
machines with low third-harmonic voltage 
content and realize, first, that the circulating 
current is only created by the difference 
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in the third-harmonic voltages, and second, 
that the neutral grounding reactors by 
virtue of their high reactance at triple fre- 
quency offer considerable impedance to the 
flow of such current, we can see that the 
problem is more of an academic nature than 
of a real nature. We have calculated this 
current for two paralleled generators as- 
suming that they both had high third- 
harmonic content voltages and that by a 
stretch of the imagination the voltages 
added up to 20% of system voltage, and 
then checked the heating that this current 
would cause. The result indicated that, 
even under the highly unfavorable assump- 
tions we made, the generator heating would 
be increased by approximately 2%. 

Mr. Tuke questions the point that insula- 
tion in marine equipment is not pampered. 
We did not intend to imply that there is no 
safety factor in insulation design, but rather 
that, because of the press of competition, 
more precise design engineering, and greater 
confidence in the quality of modern in- 
sulating materials, the safety factors are no 
longer excessive, and therefore more care 
must be taken to avoid subjecting the 
equipment to conditions for which it was not 
designed. We cannot agree with Mr. 
Tuke’s claim that grounds on the 440-volt 
system are so infrequent that the possi- 
bility of a second ground occurring before the 
first has been cleared can be disregarded. 
This point is discussed briefly under 
“Reasons for Grounding.” 

Mr. Gray mentions a method of simplify- 
ing the location of faults on an ungrounded 
system by switching the ground lamps ‘‘so 
that they can detect ground faults on any 
section of the system, all indication being on 
the main switchboard.’”’ It is not under- 
stood what Mr. Gray has in mind, since a 
ground on one phase anywhere in the system 
will provide the same ground lamp indica- 
tion regardless of where in the system the 
ground lamps are connected. It is not 
understood what further information is 
gained by switching the ground lamps from 
one location in the system to another. 

Mr. Watson brings up a good point re- 
garding neutral grounding when circuit 
protection is provided by fuses. A single 
phase-to-ground fault will blow only one 
fuse, resulting in single-phasing of any 
loads on that particular circuit. The 
authors had in mind common American 
practice, where 3-phase circuit protection is 
almost exclusively by means of circuit 
breakers. This point must be carefully 
watched during design of a grounded system 
to ensure that any loads which would be 
harmed by single-phasing are protected by 
circuit breakers rather than fuses. 

Mr. Maupas is apparently one of the few 
people who has had operating experience 
with a grounded-neutral ship. It would 
indeed be interesting if Mr. Maupas could 
elaborate on his experiences with this ship. 

Mr. Maupas feels that there may be some 
advantages to the use of unarmored cable, 
eliminating the return path of fault current 
through the armor. We concur that the 
cable armor is a poor, in fact unnecessary, 
return path, but believe the principal reason 
that armor is used at all is for mechanical 
protection during the process of installation. 

Mr. Apple feels it is highly unlikely that 
ship designers or operators, who have had 
years of successful experience with un- 
grounded systems, will agree on the desir- 
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ability of grounded systems until such de- 
sirability is proved by known experience. 
While this may be true, we feel it is un- 
fortunate, since there is such a great deal of 
favorable operating experience availabie 
on grounded systems in small industrial 
plants, which are, as we have pointed out, 
very similar in all respects to shipboard 
electric plants. 

Mr. Apple also brings up the point of fire 
hazard: grounded versus ungrounded. 
While it is true that relatively high imped- 
ance faults may remain uncleared and create 
a fire hazard by local heating, and arcing 
faults are of course obvious fire hazards, 
these situations can occur on either grounded 
or ungrounded systems, so we feel there is no 
significant difference in fire hazard between 
the two systems. Additionally, as noted 
in our reply to Mr. Raczkowski, the cure for 
arcing fault hazards is less expensive on a 
grounded system than it is on ungrounded 
systems. 

Mr. O’Meara’s comments concerning the 
practice of the Atlantic Refining Company 
were most helpful to our case for neutral 
grounding. We note that in one of the 
two refineries it was found ‘“‘necessary to in- 
stall a reactance-resistance ground on our 
2,300-volt system to eliminate simultaneous 
failures.” We contend that shipboard sys- 
tems are plagued with the same _ basic 
troubles as beset land installations and we 
are consequently grateful for this support. 
We agree with Mr. O’Meara that both 
grounded and ungrounded systems leave a 
lot to be desired in the way of personnel 
safety. Mr. O’Meara’s description of the 
maintenance practices that obtain on board 
the ships of the Atlantic fleet confirms our 
findings in this matter, namely, that if a 
repair cannot be made immediately it is put 
off until a more favorable opportunity, such 
as time in port. Concerning continuity, we 
note that all of the drives mentioned (steer- 
ing-gear, boiler fans, fuel oil service, etc.) are 
installed in duplicate on most ships or with 
steam-driven standby equipment to protect 
against mechanical or electrical failure, so 
we do not quite see the validity of this 
argument against the use of a grounded sys- 
tem. 

Mr. Walker, by the nature of his com- 
ments, first called to our attention the fact 
that our explanation of the meaning of Fig. 
3 was inadequate and we are grateful to him 
for so doing. In one sense, at least, he sup- 
ports a part of our agrument because he 
has extrapolated our curve to about the 10 
years’ point and arrived at a breakdown 
strength, and then he offered another refer- 
ence to show that even our curve is practi- 
cally optimistic. 

This reduction in breakdown strength is 
caused by aging of the insulation and not by 
the presence of overvoltages. The point 
that seems to be commonly missed, and we 
must take the blame for not sufficiently 
emphasizing this feature, is that overvolt- 
ages impressed on the system hasten this 
aging effect. 

Mr. Kaufmann in his discussion of our 
paper pointed out that “operating a system 
for 1 day with a ground on one line (73% 
overvoltage on the other two lines) extracts 
insulation life equivalent to 3 months’ opera- 
tion at normal voltage.” In other words, 
repeated application of overvoltages accel- 
erates the breakdown of the insulation. 

To answer Mr. Walker’s other question, 
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we have never personally observed 
four to five times overvoltage on any s 
board installation; all the examples 
our paper were drawn from indust 
plant experiences. The same is true of 
the intermittent or “sputtering” fault men 
tioned under the heading of ‘‘Overvolta 
This, again, was drawn from indu 
plant experience. In the event that ] 
Walker is still interested in further detai 
of these examples, we will be happy t 
supply additional data. | 

We certainly agree with Mr. Maye 
contention that all equipment enclos: 
should be firmly bonded to the ship’s 
by means of ground connections wh 
mounted on insulators for vibration isola: 
or other reasons. Unfortunately, howeve 
we feel sure Mr. Mayer has seen, as we hay\ 
on many occasions, bonding straps, ef 
completely broken free or so badly corrode 
as to provide a high-impedance path ti 
ground. This is a situation which will 
evitably occur after the ship has been 
service for.a time. The grounded sys 
will then lessen the shock hazard as | 
plained in the paper. 

With regard to the question regarding tl 
effects of 73% overvoltage, Mr. M 
is referred to the discussion of Mr. Kaufm 
where this question is specifically answerec 

In reply to Mr. Mayer’s question regarc 
ing simultaneous failures caused by ove 
voltages, as previously noted, all the 
amples in our paper were drawn from in 
trial plant experience, not from shipboai 
installation. 

We would like to thank Mr. Parke for hh 
excellent and informative discussion. of 1 
relative personnel hazards afforded by 
grounded versus the ungrounded sy 
We also agree that it might be very des: 
to provide a ground-current ammeter 
grounded systems to provide general st 
of-the-insulation indication, similar to J 
function now performed by ground lamp, 
on ungrounded systems. a) 
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A. M. Bruning and E. W. Lusby: We wan 
to thank those who have taken the time 
comment. The following are answers ~ 
the questions raised. 
1. Possibility of  ‘‘high-resista 
grounding: This is certainly a possibil 
It does add necessity for further equipn 
and, more important, requires that n 
engineering time be spent on design of pl 
to provide proper relaying without 
strong advantage. : 
2. Practical effects on insulation li 
Mr. Walker’s data take into account prad 
tical effects of mechanical deformatio 
in construction and use rather than ideal 
laboratory measurements. These resu 
also reflect fabrication procedures. 
38. Iron burning due to fault curre 
We know of no quantitative experiment 
data. 
4. Need for armored cable: New types 
insulation are considerably more abra 
resistant. For this reason it is prob 
that armor braid will gradually be used I 
and less. J 
5. Stray capacity and leakage resistan 
The data presented are for two speci 
cases, not an average of many. Howe’ 
both ships had complex electric sys 
with a large number of connected fee 
In addition, the large rating plant was orf 
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which had longer and a larger number 
eders, rather than simply larger ratings, 
hat it is reasonable to expected the ca- 
itance to increase with rating. 
e agree that a single device or feeder 
Id have a leakage resistance on the 
of megohms. 

he possibility of using continuous leak- 
resistance monitoring instruments is 
iguing. A periodic quantitative read- 
routine would be nice. However, we 
ia if this might not be ignored, in 
ch case the simple annunciator system 
v used would be superior. 
). Surge voltage of fuses versus breakers: 
‘tainly, the basic principle of the two 
a (current-limiting action of the fuse 
forcing current to zero with a relatively 
ge L di/dt as compared with circuit inter- 
tion at current zero of the properly de- 
ned circuit breaker with L di/di=0) 
fgests the possibility of higher surge 
tage with a fuse. (Note that all surges 
Table III were switching surges.) How- 


ever, in the 450-volt application it is our 
feeling that this effect is not important in 
view of the dielectric strength of the 450- 
volt insulation as discussed previously. 

7. “European ships use smaller, simpler 
plants ....”: Thisis based on the fact that 
European practice does not incorporate 
nearly as many automatic bus transfers and 
frequently, and perhaps more realistically, 
uses lower ratings for drive motors. 

8. “Safety of ungrounded versus 
grounded systems”: Certainly, Mr. Parke 
has presented an interesting syllogism to 
prove that the grounded system is safer. 
We believe that before the conclusion is 
valid, data on how much of the time the 
average ungrounded system has a voltage 
above 260 volts are required. The result- 
ing advantage in favor of the grounded sys- 
tem would have to be compared with the 
lack of safety arising from the possibility of 
losing the running lights, illumination, ca- 
pability of steering because of an unexpected 
first fault on the steering gear pump sys- 


Air Cleaning Features for Traction 


Equipment 
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HE EFFECT of dirt on the life and 

general performance of electric 
uipment has been the subject of pre- 
ous papers and discussions. Dirt is 
yt a unique phenomenon on traction 
uipment alone. Industrial installa- 
ons have the same or similar problems. 
ention need be made only of electrical 
stallations in such places as cement fac- 
ries, chemical plants, mines, etc., 
here the dirt probelm is also serious. 
owever, what makes the traction field 
fferent is that the electric equipment 
part of a moving vehicle, that it is for 
le most part perhaps the least accessible 
- all electrical installations, and that 
ilures of electric equipment will 
nerally stop the traction vehicle some- 
here remote from help and replacement 
arts, and thereby tie up a transportation 
stem. Hence, there arises the interest 
.and need for features to keep trac- 
on equipment clean and prevent break- 
swus because of dirt contamination. 
This paper deals with the means of 
moving dirt from the ventilating air 


aper 60-601, recommended by the AIEE Land 
ransportation Committee and approved by the 
IEE Technical Operations Department for pre- 
ntation at the ASME-AIEE Railroad Conference, 
ittsburgh, Pa., April 20-21, 1960. Manuscript 
bmitted January 25, 1960; made available for 
inting May 4, 1960. 

_G. Lessmann is the Westinghouse Electric Cor- 
ration, East Pittsburgh, Pa. 


[OVEMBER 1960 


needed to keep the temperature of trac- 
tion equipments under control. The 
means discussed here are all based on the 
principle of using centrifugal action to 
eliminate dirt from ventilating air. The 
principle underlying this cleaning action 
has been used in so-called cyclone-type air 
cleaners, which are well known. Fig. 1 
shows schematically how these dirt 
eliminators work. Air is blown into the 
top of this device and is given a rotating 
motion by the shape of the eliminator 
housing; the centrifugal force of this 
rotating motion moves dirt particles 
toward the periphery of the casing. 
Gravity and a small air discharge separate 
the dirt down toward the discharge open- 
ing at the bottom. The main air volume 
is discharged through the top opening. 
These dirt eliminators have been very 
successful. 

The motion of dirt particles through the 
air stream caused by centrifugal force 
and gravity can be analyzed and thereby 
the performance of the device can be pre- 
dicted if the sizes of the dirt particles are 
known. According to theory and tests, 
dirt particles of a given size attain a 
terminal velocity when falling free in air 
i.e., when subjected to the acceleration 
of gravity. They are affected in similar 
fashion by the acceleration of centrifugal 
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tem, or even the greater possibility of fire as 
suggested by Mr. Apple. It should be noted 
that the last possibility is very real; in 
fact, unilateral proponents of the grounded 
low-voltage system are beginning to recog- 
nize this possibility as emphasized by such 
recent papers as that by Kaufmann and 
Page. 

It is for safety reasons that the National 
Electrical Code recommends grounding. 
However, for the systems to which the 
National Electrical Code applies, there is 
the possibility of transformer breakdown 
permitting the kilovolt primary to raise an 
ungrounded low-voltage secondary to an 
extremely dangerous level. And even in 
this case, there are reasons, in some cases, 
for preferring the floating system. 
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force. A plot of accelerations, velocities, 
and distances travelled can be made for 
typical particle sizes, or simple experi- 
ments can be set up to establish the 
mechanism of the travel of particles. 
Terminal velocities in free-fall and a 
general discussion of these phenomena 
can be found in reference 1 and other 
works. A method of particle separation 
by an air stream and gravity is mentioned 
in reference 2. This same article also 
discusses motion induced by rotation. It 
sets up differential equations which are 
useful in studying these phenomena and 
evaluating designs. 

A similar approach was used to design 
new means of eliminating dirt from the 
ventilating air of traction equipment. In 
all cases, the dirt conditions were studied 
and dirt samples were analyzed as to 


‘ particle size, distribution, and specific 


weight. Samples of these analyses are 
shown in Fig. 2. 

On the basis of this sample, an analysis 
and design was made to eliminate dirt 
at the air inlet of a traction motor. 


ANGULAR DISTANCE 
OF TRAVEL, S-—~—- 


Fig. 1. Cyclone-type air cleaner 
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Fig. 4. Dirt elimination on air inlet (view with actual air inlet cover 
omitted, see Fig. 3) 


Fig. 6 (left). Centrifugal fan 


with dirt eliminating feature 


Fig. 3 shows the principle which is used 
to move the air around a ‘‘dam”’ so as to 
produce at least a 90-degree bend and 
sufficient centrifugal action to separate 
most of the dirt out and deposit it out- 
side the dam where gravity will assist 
in moving it down and to both sides 
of the motor inlet. It should be noted 
here that this eliminator works on the 
inlet side of the fan, whereas the cyclone- 
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Fig. 7 (right). Dirt eliminating 
feature on shaft-mounted trac- 
tion motor fan 


type dirt eliminator works on the dis- 
charge end of the fan which moves the 
air. 

Dirt elimination on the inlet side is 
always more difficult than on the outlet 
side for obvious reasons, principally be- 
cause the air-pressure gradients and flow 
directions of dirt in the case of the cyclone- 
type cleaner are in the same direction, but 
they are in opposite directions in the case 
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Fig. 2 (left). Analysis of dirt samples 


Dirt elimination in air inlet by centrifugal force aro 


Fig. 5. Dirt elimination on air inlet (view of motor with air 


90-degree bend 


complete, see Fig. 3) 


where dirt is to be separated out on tt 
inlet side of the fan or air circuit. 

Figs. 4 and 5 show a motor with thi 
type of dirt eliminator. The dams a 
not recognized readily since part of th 
structure surrounding the motor is utilize 
as “‘dams’’ or air guides and thereby forn 
a part of the dirt eliminating feature. — 

A ventilating fan with built-in dit 
elimination feature was brought out se 
eral years ago. Its principle is illustrate 
in Fig. 6. The principle is obvious frot 
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Fig. 8. Dirt elimi- 

nating feature on 

shaft-mountedmotor- 
generator set fan 


he figure. A certain amount of the 
otal air volume is not used for ventila- 
ion and is used instead to carry the dirt 
articles out. About 15% extra volume 
hould be allowed for the dirt elimination 
eature. 

The same principle was used on shaft- 
nounted fans of traction motors and 
yenerators. In the case of the traction 
notor, of course, the fan must operate 
‘qually well in both directions of rotation. 


Likewise, the dirt elimination feature 
must also work in both directions of rota- 
tion. The scheme uses a fan with radial 
blades, a discharge chamber around the 
fan, and a radial discharge slot all around 
the discharge chamber at the end where 
this chamber connects to the motor inlet. 
This slot and the configuration of the 
fan discharge chamber or volute housing 
effect the dirt elimination. (See Fig. 7.) 

A dirt eliminating fan of similar type 


was also designed for a motor-generator 
set. Here, the fan operated only in one 
direction of rotation, hence inclined 
blades could be used. In addition, be- 
cause of the nature of the dirt, all pas- 
sages or their obstructions were made well 
rounded. The dirt samples in this case 
contained a large amount of fibers, as 
much as 1/2 inch long. These fibers 
rule out the use of filters or screens be- 
cause, in a very short time, these would be 
clogged up by the matting of the fibers 
against the filters and around the screen 
wires. (See Fig. 8.) 

The two types described here have been 
in operation for about 2 years. Recent 
inspection shows the respective machines 
to be appreciably cleaner than duplicate 
machines using conventional forms of 
ventilating fan arrangements. 


References 


1. Inpustrrat Dirt (book), Philip Drinker, 
Theodore Hatch. McGraw-Hill Book Company, 
Inc., New York, N. Y., 1954. 


2. ZuR ANGENAHERTEN LOSUNG GEWOHNLICHER 
DIFFERENTIALGLEICHUNGEN, Viktor Blaess. V DI 
Zeitschrift, Diisseldorf, Germany, vol. 81, no. 21, 
1937, p. 587 ete. 


Economic Trends Make Railroad 


Electrification Inevitable 


L. B. CURTIS 


MEMBER AIEE 


LECTRICAL operation of railroads is 
the most economical form of motive 
yower known today. There are many 
igns that point to additional electrifica- 
ion in North America soon. 

This paper is written to call the atten- 
ion of the AIBE to at least 13 areas where 
lectrification will effect economies over 
wesent diesel-electrical operation and 
vhere the first cost of electrification will be 
educed. The fact that there has been no 
lew electrification in this country since 
938, there has indeed been some minor 
hrinkage, should not cause any thinking 
ngineer to come to the erroneous con- 
lusion that electrification is an obsolete 
orm for use in transportation. In this 
ountry, existing major electrifications are 
till maintaining their record of depend- 
bility, flexibility, and economy, while 
broad electrification of railroads is 
rowing by leaps and bounds. 

The 26 engineers on Committee 13, 
tailway Electrification, of the Electrical 
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Section of the Engineering and Mechan- 
ical Divisions of the Association of 
American Railroads (AAR), are virtually 
unanimous in their belief that many of 
the railroads will regard dieselization as a 
stepping stone to electrification of lines 
of heavy-traffic density. This committee 
consists of electrical engineers represent- 
ing 13 railroads, consulting representa- 
tives from industry, including the Edison 
Electric Institute (EEI), manufacturers 
of electric apparatus and materials, the 
telephone industry, the aluminum and 
copper industries, and consulting en- 
gineers. ‘ 
The committee has three major objec- 
tives: 
1. To keep the railroads up-to-date on 


electrification practices and statistics from 
all over the world. 


2. To recommend and develop for this 
country a standard system of electrification 
for through service on main-line tracks. 


3. To encourage the faith of many engi- 
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neers who believe that the future of railroad 
electrification in this country is bright. 


In order to further these objectives, 
Committee 13 for several years has been 
co-operating with the International Union 
of Railways in Europe. Statistics and 
facts from around the world are also 
developed. The committee solicits the 
help of the AIEE and related electrical 
groups to aid it in its mission to demon- 
strate the economic advantages of elec- 
trical operation, where feasible, over other 
types of motive power. The fields in 
which the AIEE can help will become 
apparent in later parts of this paper. 
Incidentally, there are at present eight 
electrical engineers who are serving on 
both Committee 13 and the AIEE Land 
Transportation Committee. 

The basic reasons for railroad manage- 
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ment to give attention to railroad elec- 
trification are the measurable economic 
advantages. Management must be 
shown that electrification offers the 
most efficient and least expensive form 
of motive power for certain applications. 
It will then direct its attention to this 
field. Committee 13 needs the co-opera- 
tion of the AIEE, the EE], manufacturers, 
and other interested parties. Certainly 
the effort to obtain better and more 
efficient transportation at lower cost is a 
worthy objective. 

Railroad electrification offers many ad- 
vantages, which have a bearing on the 
over-all economics, over other modes of 
Motive power. Among them are the 
following: 


1. Power generation in large centrally 
located plants is more efficient than in 
many small, space-limited units such as 
locomotives. 


2. More traffic can be economically 
handled over the same number of tracks. 


3. Electric locomotives have the highest 
availability and the least stand-by losses. 


4. Electrical operation is the cleanest and 
least noisy. 


5. There is less terminal congestion. 


6. Higher speeds are available for less 
cost. 


7. The electric locomotive is the most 
compact in length, particularly at the higher 
horsepower (hp) ratings. 


Thirteen Areas of Influence 


Since the economics of electrification 
compared with diesel-electric operation 
(now over 95% of all operation in the 
United States) is the major theme of this 
paper, the thirteen areas where electrifica- 
tion can and will produce savings and an 
improved financial condition for the rail- 
roads are investigated in the following 
sections. 


CONDITIONS WuHIcH WoULD RESULT IN 
IMPROVED LOAD FACTOR 


1. Largely as a result of competition 
from private automobiles, airplanes, 
trucks, and buses, there will be a trend 
toward more freight and passenger trains 
that are shorter, faster, and have more 
frequent runs. This is already the situa- 
tion abroad. In North America, freight 
and passenger trains have become longer 
in order to reduce costs, mainly labor 
costs. This has resulted in fewer trains, 
more costly yards, terminals, and stations, 
delays in delivery, and a mounting chorus 
of complaints on the part of the public. 
The railroads’ competitors operate more 
frequent, and usually faster, service in 
smaller units. Railroads must meet this 
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competition to get their fair share of the 
business. 

9. The increased use of CTC (cen- 
tralized traffic control) makes possible the 
operation of increased number of trains 
on fewer tracks with the result that excess 
trackage is abandoned. 

3.. The trend toward railroad mergers 
is increasing, particularly with railroads 
whose tracks parallel each other. With 
each merger will come abandonment of 
duplicating tracks and the consequent in- 
crease in the number of trains operating 
on remaining tracks. 

As a result of these three factors, there 
will be more trains operating on remaining 
tracks and their usage spread over 24 
hours of the day, thus producing a higher 
load factor at public utility generating 
stations with electrical service. This 
type of load with its good diversity and 
high load factor is attractive as a base 
load to the power companies and would 
result in favorable rates for electricity. 
ELectric Locomotive MAINTENANCE 
Cost 


Maintenance costs for electric loco- 
motives are less than for diesel-electric, 
or any other type, of motive power. As 
diesel-electric locomotives become older, 
maintenance costs increase more quickly 
than maintenance on electric locomotives 
of the same age. Until railroads have 
been 100% dieselized for several years, 
diesel-electric maintenance costs will be 
misleading. The diesel-electrics have 
been acquired so rapidly between 1945 and 
1955 that the average age has been kept 
low. The cost of maintenance of the 
new locomotives is averaged in with the 
older ones. This averaging of costs 
has hidden how fast the repair costs of 
the older units have risen. Now that 
most railroads are entirely dieselized, the 
rapid rise in maintenance costs will be- 
come apparent. In general, diesel-elec- 
tric locomotives receive major overhauling 
in 3-year cycles, with the cost curve rising 
until, after about 15 years (compared with 
25-30 years for the electric locomotive), 
the old locomotives have been replaced 
or actually scrapped. 

A recent paper! shows in graph form 
that ‘‘... the general trends indicate that 
diesel-electric maintenance, reduced to 
the same common denominator, will be for 
locomotives 10 years of age at least twice 
the maintenance costs of electric locomo- 
tives.” 

A paper, reference 2, in discussing 
maintenance costs over a period of 9 years 
of use of electric locomotives on the 
Virginian Railway states, ‘The adjusted 
or constant-dollar cumulative cost to the 
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end of 1956—23.2 cents per mile—repre. 
sents a figure of 3.41 cents per 1,000 ra 
reil-hp miles, a value approximately | 
to 1/3 of comparable diesel-electric 
motive maintenance costs for the samie 
type of service performed.” ; 

The 25- to 30-year life of the elec 
locomotive is well substantiated. On 
Pennsylvania Railroad the 25-year- 
GG-1 locomotives are still giving success 
service. The New York Central and the 
Chicago, Milwaukee, St. Paul & Pacific 
Railroads have still older electric locé 
motives in satisfactory service. On I 
Swiss Federal Railways electric 1 - 
motives placed in service as early as 1920 
are still in operation. 

The lower cost of maintenance and the 
longer economic life of the electric loco 
motive, compared with the diesel-electric; 
spell substantial savings in favor of the 
former. 


Cost oF OIL EXPECTED TO RISE FASTER 
THAN Cost oF ELECTRICITY 
One study? on the future cost of Of 

stated: “By 1970 diesel-fuel costs are 

expected to increase by possibly 25 to 5 

per cent.’’ Certainly, as the consump, 

tion of oil in this country and abroad 
increases, it will be necessary to seareh 
harder, drill deeper, and go farther to fina 
additional oil reserves. As the reserves 
decrease the need for synthetic oil 
creases. The net result is higher 

costs. i 
On the other hand, indications are thas 

with increased efficiency the cost of ele 

tric power will rise at a slower rate. 

H. Sammis, former President of 

said in 1954, and it is just as true to 

“Our industry has established a un 

record during this era of inflation whi ; 

the purchasing power of the dollar haa 
dropped 50%, when construction costs 
federal taxes, labor rates, and the price 
of fuels have more than doubled 

Through engineering achievements, im 

provements in operations, and welll 

directed sales efforts, prices for electricit 
are lower today than they were befori 

World War II. Where can you fit 

another such example of accomplishl 

ment?” 

At present the cost of oil and electricitt 
at the drawbar is, in general, appro: 
mately the same. As the differential bes 
tween the cost of oi] and electricity ie 

creases, the savings of electrification ov e« 

diesel-electric operation increase. 


UsE or COMMERCIAL-FREQUENCY PowB# 
a] 

The use of commercial-frequency po W 
will reduce the initial costs of electrific 


tion below those of the older establish 
systems. 
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ay 


Recently, Committee 13 has recom- 
ended that the United States adopt the 
-kv 60-cycle system as its standard for 
in-line electrification. This system 
0 cycles in most countries) is already in 
ie in the Republic of the Congo 
elgian Congo), England, France, Ger- 
any, Hungary, Japan, Luxembourg, 
brtugal, Russia, and Turkey, It is 
anned for Argentina and India. These 
reign installations will be of great aid to 
is country as the experiences abroad 
ill help solve many of the problems that 
i] confront United States railroads in 
ie event of 60-cycle electrification. 
Among the problems which will arise 
-e the following: 


Load balancing on commercial 3-phase 
stems. A fine study was made on this 
ibject in this country by the American 
as and Electric Service Corporation on 
re Norfolk & Western Railway. The 
IEE and the EEI can be of great service 
| furthering these studies, particularly by 
1couraging young engineers to interest 
1emselves in this and other railroad prob- 
ms. 


Inductive interference on communica- 
on and signal systems. Committee 13 
ith the help of the American Telephone 
nd Telegraph Company has made a 
smprehensive report on this subject. 
fore work needs to be done. 


Semiconductor rectifiers for locomotives. 
mn unpublished AIEE paper was recently 
resented on the subject of semiconductor 
sctifiers for electric traction substations. 
fuch more must be accomplished. 


Improved pantographs. 


Interpenetrating (intersystem) loco- 
1otives. In Europe locomotives® have 
een developed that operate on four different 
ystems: 3,000 volts d-c; 15 kv 162/; cycles 
-c; 25 kv 50 cycles a-c; and 1,500 volts 
-c. The United States will need loco- 
1otives that will operate on at least two 
ifferent systems. 


The large increase in North America 
{ high-voltage interconnecting lines 
hich cross and recross the railroads 
aakes the use of commercial-frequency 
lectrification all the more feasible. This 
liminates the necessity for railroad- 
wned transmission lines on railroad 
tructures, as the contact system can be 
irectly fed, with or without transformers, 
rom these power lines. Co-operative 
tudies would have to be made by the 
ailroads and the power companies to 
asure a tolerably balanced load on the 
-phase lines with a minimum of disturb- 
nee to other loads fed from the same 
nes. 

‘In addition to the elimination of the 
ailroad-owned transmission lines, the 
5-kv 60-cycle system would effect the 
lowing savings over existing types of 
lectrification in this country: 
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1. At higher voltages a lighter catenary 
system is possible. 


2. With no transmission lines and lighter 
catenary the structures and foundations 
will be smaller and lighter. 


3. At higher voltages substations can be 
installed farther apart. 


4. Transformer stations can be wholly 
or partially eliminated, depending upon 
the commercial voltage available. 

5. With higher voltage the current will 


be lower, thus reducing the ampere rating 
of substation apparatus. 


6. Frequency changers at supply points 
will be eliminated. 


7. By using rectifier or motor-generator 
locomotives, d-c substations will be elimi- 
nated. 


These savings are offset in part by 
the following additional costs of this 
system: 


1. Somewhat greater clearances are re- 
quired. 


2. Increased insulation is necessary over 
some existing forms of electrification on 
overhead, substation apparatus, and motive 
power. 


38. There is the possible requirement of 
some load-balancing apparatus to maintain 
balance on commercial 3-phase systems 
where the latter are small and isolated. 


4. Additional engineering will be required 
initially in developing this system. 


ELECTRIFICATION STANDARDS WILL 
REDUCE First COSTS AND 
MAINTENANCE COSTS 


Standardization of electrification will 
reduce engineering, material, construc- 
tion, and locomotive and multiple-unit 
car costs. 


Engineering costs. With a standard 
pattern for extensions to existing electri- 
fications and new ones, standardization 
will be possible for catenary systems, 
structures, substations, locomotives, etc. 
Basic engineering will have to be per- 
formed regarding catenary makeup, spans, 
pole and foundation sizes, and spacing 
and details of substations and sectionaliz- 
ing points. For similar conditions of 
Joad track curvature, and number of 
tracks to be electrified on any railroad, 
the same design will apply. Therefore, 
except for special problems the engineering 
costs after the first study will be at a 
minimum. Much of this engineering 
would be applicable to other fields as well. 
Here is a good source for future AIEE 
papers. 


Material costs. After the initial en- 
gineering has determined wire and pole 
sizes, hardware, apparatus sizes, and other 
standard parts, these same items can be 
used on any standard electrification inter- 
changeably. With all railroads using the 
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same type of material, quantity buying 
will reduce first costs, also the cost and 
amount of material to be stocked for 
maintenance. This should stimulate 
manufacturers to develop better and 
lower cost materials and apparatus. 


Construction costs. With a standard 
specification, standard methods of con- 
struction will be developed, labor-saving 
devices employed, and packaged sub- 
stations, such as the unit type, installed, 
all of which will reduce the cost of in- 
stallation. 

Since material and construction costs 
will require standard material and appara- 
tus that can be used in other applications 
as well as electrification, the National 
Electrical Manufacturers Association 
(NEMA) in particular should look ahead 
and design the best and most economical 
products for this future market. 


Locomotive and multiple-unit car eosts. 
Nothing reduces first cost more than 
quantity production. In the past, elec- 
tric locomotives have usually been cus- 
tom-made. When standard electric loco- 
motives are accepted and used by all 
railroads, quantity production will greatly 
reduce both the first cost of motive power 
and maintenance costs. The same rea- 
soning applies to multiple-unit cars. 

Now that the North American rail- 
roads are almost completely dieselized re- 
placements will be purchased in reduced 
quantities with the accompanying loss in 
the economic advantages of high-volume 
mass production. Rebuilt diesels have 
not and undoubtedly will not show any 
advancement in technology. About all 
that can be expected are refinements in the 
present design which already has proved 
inadequate to provide an economic life 
comparable with the electric locomotive. 


CONVERSION OF DIESEL-ELECTRIC TO 
ELEcTRIC LOCOMOTIVES WILL SAVE 
INVESTMENT Costs 


The immense investment in diesel- 
electric locomotives can be conserved by 
electrification. Fortunately, those diesel- 
electrics that have not reached the end of 
their economic lives can be converted to 
electrics by replacing the diesel en- 
gines and the d-c generators with recti- 
fiers, or the diesel engines alone with a-c 
motors plus necessary transformers and 
control. Thus, as has been predicted by 
others, the diesel-electric system would 
appear to be an intermediate step between 
steam operation and electrification. 


HIGHER SPEEDS FAVOR ELECTRIFICATION 


As mentioned in the first section under 
Conditions Which Would Result in Im- 
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proved Load Factor, higher speeds for 
passenger and freight trains are sure to 
come in order to compete with airplanes, 
trucks, and buses. The higher the aver- 
age speed of trains the greater the financial 
advantage electrification has over any 
other type of motive power. In a recent 
study of a large section of an eastern rail- 
road, it was demonstrated that if speeds 
were increased an average of approxi- 
mately 15% over present schedules the 
annual savings of electrification versus 
diesel-electric operation would triple. 
The following illustration demonstrates 
the advantage electric locomotives have 
over diesel-electrics at higher speeds. 

The maximum train a locomotive can 
start depends upon weight on drivers 
and per-cent adhesion. At running 
speeds there is the additional limitation 
of horsepower available. For both types 
of locomotives, reasonable figures are 25% 
adhesion in starting and about 16% at 
60 mph (miles per hour). At 60 mph in 
the example that follows the limitation 
for each locomotive is horsepower, not the 
16% adhesion. 

A typical modern electric (rectifier) 
locomotive rated 4,000 hp (weight on 
drivers 174 tons) can start and accelerate 
on level tangent track a train. of about 
6,000 tons, and at 60 mph can haul a 
2,800-ton train continuously; or, for a 
short time because of its overload rating, 
can haul a 4,400-ton train at 60 mph. 


A typical modern diesel-electric-unit 
locomotive rated 2,500 hp (weight on 
drivers also 174 tons) has approximately 
82% or 2,050 hp available at the rails, as 
the 2,500-hp rating refers to the diesel- 
engine input to the main generator. This 
locomotive can also start a train of about 
6,000 tons, but it can accelerate a train of 
only 1,200 tons to 60 mph. The diesel- 
electric locomotive has no overload hp 
rating. Asa matter of interest this loco- 
motive can haul a 2,800-ton train at 38 
mph and 4,400-ton train at 29 mph. 

On this basis it would take three (2.33) 
2,500-hp diesel-electric units to haul a 
2,800-ton train at 60 mph and four (3.67) 
units to haul a 4,400-ton train at 60 mph. 
In terms of money the electric locomotive 
in the first case would cost approximately 
$440,000, based upon a relatively few 
custom-built units; and the diesel-electric 
locomotive approximately $810,000 
(3 270,000), based upon mass produc- 
tion. In the second case the electric loco- 
motive would still cost $440,000 compared 
with a diesel-electric locomotive cost of 
$1,080,000 (4X270,000). 

Obviously, the more units of diesel- 
electrics compared with the electrics that 
are necessary, the higher in proportion will 
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be the initial investment, the annual fixed 
charges, and maintenance and operating 
costs for motive power. 

It should be stated that the cost of the 
electrification fixed property, that 1s, 
catenary, structures, and substations, 
would be substantially the same regard- 
less of the speed. 


CTC Witt RepucE NUMBER OF TRACKS 
TO BE ELECTRIFIED 


Since the installation of centralized 
traffic control, which is on the increase, 
permits more trains to be operated on the 
same track thus reducing the number of 
tracks required by at least one, and in 
some multitrack areas by two or more, the 
resultant number of tracks to be electrified 
is minimized. In many cases 1-pole 
bracket structures can be used instead of 
2-pole structures, the number of miles of 
catenary required is lessened, and the 
sectionalizing and substation requirements 
are reduced. This situation, brought 
about by the increasing use of CTC, will 
reduce the first cost and later the main- 
tenance cost of electrification. 


Jornt Use oF RiGHT oF WAyY POSSIBLE 
WITH ELECTRIFICATION 


As areas are being built up and cities 
and suburbs are expanding, utilities, par- 
ticularly the power companies, are finding 
it more and more difficult and expensive 
to find rights of way for their transmission 
lines. In many areas they are looking to 
the railroads for joint use of their rights of 
way. Thisisan ideal arrangement for the 
power company as the railroad right of 
way is already cleared and protected. 
Hence, a natural procedure would be for 
the utility to erect structures that are 
suitable for attaching electrification wires 
if and when the railroad is electrified. 
Provision for just such an arrangement 
has already been included in some existing 
agreements. Since the rentals to the 
utility take into account future electrifica- 
tion, such a joint use of the structure is 
of mutual benefit and would result in a 
considerable reduction in the cost of the 
fixed portion of the electrification to the 
railroad. As this arrangement is also 
of economic advantage to the power com- 
panies, this is another field where the 
AIEE and the EEI can assist Committee 
13. 


ELECTRIFICATION PERMITS ADDITIONAL 
Income From Air RicutTs 


In congested areas one of the valuable 
assets a railroad has is its air rights. 
Previously, with steam and now some- 
what less with diesel-electric locomotives, 
these valuable air rights in heavily 
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populated areas, could not be ut 
since ventilation is essential. With 
trification, areas of air rights can b 
or rented, bringing to the railroads add 

tional needed revenues. The value ¢ 
this product of electrification should ne 
be overlooked. ) 


FutTuRE Use or ATOMIC POWER 


Vice Admiral Rickover had this to $a; 
in an after-dinner speech before thi 
Scientific Assembly of the Minnes 
State Medical Association in 195 
“ Another limit in the use of nuclear p 
is that we do not know how to emp 
otherwise than in large units to prod 
electricity or to supply heating. Be 
of its inherent characteristics, nuclear f 
cannot be used directly in small machi 
such as cars, trucks, or tractors. Rathe 
than nuclear locomotives, it might prov 
advantageous to move trains by ele 
tricity produced in nuclear central stz 
tions.” 

During August of 1959 the author hai 
the privilege of inspecting the new Dres 
den Nuclear Power Station which wer 
into service early in 1960. This plar, 
will add 180,000 kw to the Common 
wealth Edison Company of Illinois reser 
voir of electricity. It is estimated th 
by 1975 the United States will be usim 
nearly four times as much electricty < 
today—a tremendous drain on the fr 
serves of coal, oil, and gas. H 
atomic power must be used to help 
future electricity needs. It is expecte 
that after the high initial developm 
costs are absorbed, the cost of generatin 
electricity by atomic power will comp 
with that using conventional fuels. VW 
the experience gained from this large & 
perimental plant, other more efficier 
atomic power plants are already in tk 
building and planning stage. | 

Thus atomic power will do its parti 
producing abundant amounts of electriet 
at reasonable costs to take ample can 
of the future needs of electrification. 


POSSIBLE SHORTAGE OF OIL 


the railroads, with all their motive pows 
dependent upon oil, could very well be i 
trouble. It would be a decided as 
vantage for rail transportation, 


such conditions, to have its major 4 


is not dependent upon oil alone. Oth 
fuels and sources of power ‘such as wate 


cower would give a divetaey that i 
keep the railroad wheels turning. 
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SFFECT OF FOREIGN MARKET ON 
- ELECTRIFICATION 


Another item that will undoubtedly 
educe the cost of electrification in this 
country is the competition of the foreign 
market. Unfortunately for our home 
suppliers of material, apparatus, and 
squipment, our high cost of labor is driv- 
ng prices up to the point where foreign 
zoods are being sold in this country in 
mcreasing amounts. Unless something 
is done this situation will become worse. 
In such an event it is possible that electri- 
fication in the United States will come al- 
most entirely from foreign material and 
apparatus and with trains pulled by 
foreign-manufactured locomotives. At 
any rate, the foreign competition will 
tend to lessen the cost of future electrifica- 
tion. Of course, foreign competition will 
tend to lower the cost of diesel-electric 
locomotives too, but anything that will 
help reduce the first costs will make elec- 
trification more attractive. 


Summary and Conclusions 


To summarize, the following factors 
point to the ultimate reduction in cost of 
electrification facilities and reduction in 
the cost of operation of railroads with 
electrification to the point where electri- 
fication must be considered: 


1. A high electric load factor. 


2. Reduced locomotive maintenance with 
electric locomotives. 


Discussion 


R. M. Stacy (Fairbanks, Morse and Com- 
pany, Beloit, Wis.): Mr. Curtis, together 
with Messrs. Birch, Brown, Stair, Horine, 
Oehler, Perkinson, and others, deserve a 
vote of thanks for continuing to furnish 
the ‘‘motive power” for this type of paper, 
even in the face of considerable odds. 

Although I do not agree with all of the 
statements or conclusions, the very fact 
that the paper stimulates thinking and 
discussion makes it worth while. 

Many call this paper purely academic in 
view of the fact that railroads can’t even 
get money for new boxcars, let alone 
electrification. What is the answer? At 
the American Society of Mechanical Engi- 
neers-AIEE Railroad Conference in April 
1959, V. E. McCoy, Chief Purchasing 
Officer of the Milwaukee Railroad, pointed 
out how capital was not available to rail- 
roads even for improvements calculated 
to yield as high as 40% return. 

When comparing operating costs of 
electric versus diesel-electric locomotives, 
the cost of power supply and distribution 
must be included in the cost for the straight 
electric or the two figures are not com- 
parable. However, the investment in about 
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3. Favorable cost of electricity versus oil. 


4. Use of commercial-frequency electricity 
for electrification. 


5. Standardization of electrification. 


6. Conversion of diesel-electrics to electric 
locomotives. 


7. Higher speeds. 

8. Number of tracks reduced by CTC. 
9. Joint use of rights of way. 

10. Increased sale of air rights. 

11. Use of atomic power. 


12. Shortage of oil in times of national 
emergencies. 


18. Effect of foreign market. 


It is the firm opinion of the author that 
these factors will not only produce a 
form of motive power that is more eco- 
nomical to operate and maintain than the 
present diesel-electric system, but will 
reduce first costs of electrification to a 
point where they are equal to or below 
the cost of the additional diesel-electric 
motive power required to give equiv- 
alent electrical service. 

The foregoing evidence points to a more 
favorable economic position of elec- 
trification compared with other forms of 
motive power. This is of prime impor- 
tance to the railroads themselves as they 
are forced to compete under the present 
unfair conditions of subsidy, taxation, and 
antiquated regulations. It is of national 
importance that the railroads be strong 
and efficient, for in times of national 


emergency no other mode of transporta- 
tion in existence can replace them. Elec- 
trification is also of importance to the 
power companies, the electrical manu- 
facturers, and other related industries. 
It will contribute immensely to the na- 
tion’s prosperity. It is a project worthy 
of the best efforts of the AAR, AIEE, EFI, 
NEMA, etc. With sufficient united 
effort and unanimity of opinion on the 
part of the engineers, railroad manage- 
ment will be glad to ‘‘Stop-Look— 
Listen.” Their investigations will con- 
vince them that electric motive power will 
give them the most efficient and eco- 
nomical operation obtainable, and then 
the resurgence of railroad electrification 
will be inevitable. 
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1,500-central-generating-station hp will do 
the same work as 6,000 hp in self-propelled 
electric locomotives, because a certain 
percentage of locomotives always lay over 
or only work part-load. Reviewing this, 
John W. Barriger, President of the Pitts- 
burgh and Lake Erie Railroad says that on 
dense traffic lines electrification can yield 
a sizeable return on the investment even 
including cost of repair and maintenance 
of overhead. It would be interesting to 
see an analysis of this. 

It is gratifying to see this paper push 
the advantages of the locomotive with high 
horsepower per axle. Railroads have not 
been convinced that the high hp locomotive 
is to their economic advantage. In fact, 
the trend has been the opposite, with all 
builders constructing 1,600- and 2,400-hp 
locomotives with ballast and extra traction 
motors added to increase maximum tractive 
force for a given hp rating. A reversal 
seems to be at hand, however, with the 
expansion of operation of lighter, faster 
freight trains. If reduction of unneeded 
members of train crews is accomplished, 
this trend should accelerate. However, 
high locomotive horsepower alone, par- 
ticularly on grades, is limited by weight on 
drivers. 

A GG-1 or new 4,400-hp electric loco- 
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motive if operating on the Pennsylvania 
Railroad’s (PRR) Pittsburgh division for 
instance, would require a helper locomotive 
where present 3-unit 4,800-rail-hp diesel 
power does not; for example, the Broadway 
Limited when hauling over 15 cars. The 
same is true when dynamic braking capacity 
is considered. Also, high-speed wheel slip 
on flat country can be a problem. Demon- 
strating a 4,800-hp 2-unit diesel-electric 
on the Broadway Limited in 1950, and 
running 4,500-rail hp at the time, we lost 
running time because of high-speed wheel 
slip at 60 mph on wet rail west out of 
Fort Wayne, with the Limited pulling 16 
cars with 506,000 pounds on drivers. 

The operating flexibility of electric 
multiple-unit trains, with their fast accelera- 
tion and ability to operate without firemen 
even under present labor agreements, is 
another electrification potential. 

Particular issue is taken with the state- 
ment, “Rebuilt diesels have not and un- 
doubtedly will not show any advancement 
in'technology.”? Actually the very opposite 
is true. In fact, the 66 new electrics on 
order for the PRR include many advances 
made on the diesel, such as the underframe, 
swivel-type trucks, d-c traction motors, 
control equipment, road-switcher-type car- 
body construction, and dynamic brake. 


OO rn 


Also, diesel engine technology has made 
enormous advances since 1946. 

The statement that diesel-electric loco- 
motives receive major overhauling in 3- 
year cycles is considerably in error, the 
true figure being 6 to 12 years. Three 
years is generally true for the diesel engine, 
which, if desired, can be unit-exchanged 
without tying up the entire locomotive. 

On a particular group of 8-year-old 1,600- 
hp 4-motor diesel locomotives recently 
overhauled for a railroad by one builder, 
using nearly all original components, it is 
interesting to note that the cost followed 
the familiar formula of 34% engine and 
auxiliaries, 33% carbody, and 33% elec- 
trical. Adhesion is the limiting factor in 
these locomotives’ service. Thus if this 
group of locomotives were electric, the over- 
haul cost would still run 66% of the diesel- 
electric cost, plus any overhaul costs for 
pantographs, transformers, rectifiers, and 
associated auxiliary equipment. 


E. B. Shew (Philadelphia Electric Company, 
Philadelphia, Pa.): The title of the paper 
is pleasing to the utility engineer. It is my 
hope railroad electrification is inevitable, 
not only for selfish reasons but also because 
the economic health and reliability of the 
railroad industry are important to our na- 
tional economy and to the national defense. 
I believe these will be enhanced by a pro- 
gressive program of railroad electrification. 

The author has supplied one good reason 
for this belief by stating that the cost of 
diesel fuel will rise faster than the cost of 
electricity, gradually improving the com- 
petitive position of utility sources. Aside 
from the economics of the situation, it is not 
difficult to visualize unusual conditions 
associated with a world war or disruptive 
events in the Middle East which might 
affect the availability of oil at any price. 
Is it desirable for the railroads, with their 
important responsibilities, to rely on one 
source of power when in contrast the elec- 
trical utilities offer five primary sources of 
power: coal, oil, gas, water, and nuclear 
energy? Under normal conditions, these are 
used as determined by the economics of the 
prevailing situations but in case any one of 
the sources is not available, the others are 
used. All of this economy, flexibility, and 
dependability is available to electrified rail- 
roads supplied from commercial-power sys- 
tems. 

Considering the additional facts that the 
diesel locomotive must provide and trans- 
port its own power plant while the electric 
locomotive fundamentally is concerned only 
with utilization; that the diesel must provide 
its own reserve capacity while the electric 
locomotive shifts this responsibility to the 
electrical supply system; and the better 
efficiency, better reliability, and longer life 
of the electric locomotive, the electrified 
railroad has many advantages. 

It was interesting to note that Mr. Curtis 
believes there are many signs that point to 
an early revival of railroad electrification in 
North America. We cannot quite agree, 
however, that dieselization is a hopeful sign. 
While, as stated in the paper, there is some 
possibility of converting diesels to electrics, 
the utilities have regarded dieselization with 
considerable apprehension and we would 
have selected a more direct approach to 
electrification, Since so many other favor- 
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able factors are mentioned by the author, 
we hope there will soon be developments 
which will lead to a revolution in the posi- 
tion of railway electrification in the United 
States. 

One favorable factor may be the use of the 
commercial-frequency system of supply. 
The advantage here is to eliminate the costs 
associated with conversion equipment of 
various kinds affecting substantially the 
economics of electrification. While there 
are indications the attractive principle of 
commercial-frequency electrification can be 
worked out practically, it seems necessary 
to emphasize in this connection that there 
are substantial problems associated with 
the idea which will require a great deal of 
time and money for the necessary intensive 
studies by the utilities, the electrical manu- 
facturers, and the railroads. It may be 
interesting at this point to quote from 
reference 1: ‘‘Substantial technica] prob- 
lems are involved in the proposal to 
supply single-phase railway electrifications 
at commercial frequency from three-phase 
power systems. There are indications these 
problems can be resolved but it would not 
be reasonable to proceed with the expensive 
and time-consuming investigations which 
would be necessary to confirm this unless the 
railways are interested seriously in such a 
project. The Task Group on Railway 
Electrification therefore will not pursue the 
matter further until there are developments 
in other areas of sufficient promise to justify 
the resumption of activity.” 

The electrical utilities stand ready to 
proceed aggressively if there should develop 
some indication of practical interest on the 
part of the railroad industry. At present 
there seems to be none and, in fact, there are 
strong indications based on recent events 
the tendency is more than even toward 
dieselization rather than electrification. 
This, of course, leaves the electrical utilities 
without practical motive to pursue the 
matter of commercial-frequency electrifica- 
tion. This is a regrettable situation indeed 
because progress under these circumstances 
will be limited. 

To summarize, the utilities are much 
interested in any consideration which will 
lead to a revival in electrification but it will 
be necessary to proceed deliberately with 
some of the associated technical problems. 
The problems are not yet solved and their 
solution will not be easy or quick. 
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N. E. Funk (Consulting Engineer, Phila- 
delphia, Pa.): The author is to be con- 
gratulated on the presentation of a very 
timely paper since the fashion seems to be 
to add more diesel-motive power without 
any apparent consideration of other means 
of power supply. I wish to state that I 
am in favor of railroad electrification, where 
conditions make it economical for both the 
railroad and the electrical utility, should that 
be the source of the power supply, because 
the following comments may otherwise be 
misconstrued. Moreover, this is more a 
discussion of electrification in general than 
of Mr. Curtis’ paper. 
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- eycle polyphase motor driving a 25-cyele 


This problem must be approached in 4 
very realistic manner with any wishful: 
thinking completely eliminated. The ser- 
ous consideration of 60 cycles on the trollé 
wire removes the expensive item of co 
version to 25 cycles single phase from tf 
polyphase 60-cycle system of the electr 
utility system. However, there are oth 
problems that are not too easily solved, 
refer to the supply of single-phase se e 
directly from a polyphase system. The 
power of a polyphase system is continuous 
while that of a single-phase system passes 
through zero twice every cycle. 

I am familiar with only two methods 6 
converting the supply of single-phase power 
into a continuous draught of power from} 
a polyphase system: first, by storin 
mechanical energy in a rotating body; sec-! 
ond, by storing energy in a magnetic and elec- 
tric field, both during the time that thesingle- | 
phase load passes through zero and the 4 


releasing this stored energy during the peak 
part of the single-phase load. The storing 
of mechanical energy for this purpose ha 
been in operation for many years. 
cases where the single-phase load was 1p-) 
plied at 25 cycles from 60-cycle systems, 
frequency changers have been used, a 60- 


single-phase generator. This is a simples 
automatic means of obtaining the desired 
result without the need of any complicatet 
controlling devices; however, because thes 
frequency relations limited the speed to 300 
rpm, it resulted in very large and expensive‘ 
machines Where the 25-cycle lead was: 
supplied from a 25-cycle polyphase bus,} 
phase balancers have been successfully used.| 
These machines are not as complicated im 
their construction as in their theory and have 
the advantage of being limited in speed o nly 5 
by design characteristics and the frequency 5 
on which they operate. The control how- 
ever is quite intricate and requires numerous: 
auxiliary machines, which again adds to th ek 
cost of service. 
Personally I do not know that the method! 
suggested some years ago using a network of} 
reactors and capacitors to balance a singh 
phase load on a polyphase system has ever! 
been tried, but it is evident that it will b 
necessary to arrange some method of vary 


ing both with variations in the single-ph ase\ 
load, at least down to some low-load value,: 


which, on the face of it, would seem to makes 
the practical application much less sim ple 
than appears at first glance. j 
Because of these costs, suggestions haves 
been made that single-phase railroad load be‘ 
carried on a utility transmission line erecte 
along the railroad right of way without 2 
attempt to balance the railroad load in am 
one section of the railroad but to supply ac 
jacent sections from different phases of the: 
polyphase transmission line. This was tried 
on the original electrification of the PennsyL- 
vania Railroad Company’s suburban lines 
The Chestnut Hill branch was supplie 
from one phase and the Paoli branch frot 
the other phase of a 2-phase system with 
a result that was far from satisfactory sinces 
a complete balance never was obtained be-! 
cause of different road-bed characteristics, 
train lengths, schedules, ete. Another result! 
was that the load went completely haywire | 


7 


either branch got off schedulé. This tyz 
of supply was abandoned when thro gh 
main-line electrification was established. _ 
The argument that the utility load is: 

: 
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lade up in large part of single-phase loads 
oes not hold for the railroad load as these 
ther utility loads are very small units and 
te balanced locally and, more important, 
y in the same location while the railroad 
d moves along the railroad right of way. 
The ratio of the railroad load to the total 
ad of the power company i not the prob- 
, but rather the ratio of the railroad load 
o the polyphase load on the affected trans- 
nission line. Every polyphase synchronous 
induction machine supplied from the un- 
yalanced line will act as a phase balancer 
not to the extent that a machine designed 
or the purpose would) in sufficient amount 
© cause overheating unless considerably 
verrated for the loads they are carrying. 
tis not right that these polyphase customers 
hould supply this service free of charge to 
the railroad or that the utility company 
should be called upon to correct the si:ua- 
‘ion at no cost to the railroad. 
This discussion may seem to indicate that 
[ feel that the problems involved are so 
eat that a lower cost power service to the 
railroads is out of the question. This is 
ar from true. All I wish to do is indicate 
at, because of the problems involved, there 
S no general solution that can be applied to 
Il cases. Each railroad electrification is 
the occasion for a special study that takes 
all the variables of that particular situation 
into consideration and comes up with the 
right answer, not one that is arrived at 
based on assumptions that do not exist. 


C. W. Maloney (Stone & Webster Engineer- 
ing Corporation, Boston, Mass.): It wasa 
pleasure to read the fine article written by 
Mr. Curtis who so ably presents the cause 
for expanding railroad electrification which 
could be an attractive source of revenue for 
electric power companies. 

Standardization of power characteristics 
would go a long way toward attracting the 
electrical utilities. With systems at 25 kv 
and at commercial frequency the railroads 
could then be classed with all large indus- 
trial power users. In this case the service 
would be at the high-voltage level and all 
transmission and substation costs would be 
borne by the power company. High-volt- 
age rates, generally lower than utilization 
voltage rates, would prevail. 

In one important respect as far as power 
supply is concerned, railroads differ from 
manufacturing plants in that the location of 
the latter definitely determines the point of 
service. With railroads these connections 
could be selected at points most convenient 
to the power company. As Mr. Curtis 
points out, the existing frequent trans- 
mission-line crossings and recrossings might 
influence the choice of feed points which at 
25 kv could be in the order of 30 miles or so 
apart. Thus, by giving the utility the 
option of service location, they may be in- 
duced to establish special railroad rates 
jower than those applying to industrial 
users. 

Where present crossings are too far apart 
or are not in a convenient location, joint use 
of railroad right of way should be of mutual 
benefit. Joint use might be extended to 
permit the power company to serve other 
users; thus, the railroads might work hand 
in hand with the public utilities in develop- 
ing new manufacturing sites, complete with 
rail and power facilities. 
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Belgian Congo 25-kv catenary design 


A—Single-track bracket pole, 25-kv 60-cycle construction 
B—Catenary span; total conductivity, 300,000 cm; weight per foot, 1.1 pounds 


With all these considerations, it appears 
that by the means of electrification and 
through the efforts of such forward thinking 
individuals as Mr. Curtis, railroads can re- 
gain the important part they once played in 
the development of this country’s industrial 
progess. 


L. W. Birch (Ohio Brass Company, Mans- 
field, Ohio): I would like to add the dis- 
tribution design, Fig. 1, to the discussion of 
Mr. Curtis’ paper. This single-track struc- 
ture and simple catenary span, although de- 
signed for an operation in the Belgian Congo, 
seems to satisfy most of the requirements for 
astandard 25-kv commercial-frequency over- 
head system for standard-gage United States 
and Canadian railroads. This figure has 
already been included in the 1960 report of 
Committee 13, Electrical Section, AAR. 
Economy of electrification starts before 
actual construction of an overhead system. 
There are certain existing railroad standards 
that reduce the cost of electrification but, 
on the other hand, the lack of certain stand- 
ards can waste the railroad’s money. For 
example, the single-track structure in Fig. 
1(A), assembled with standard steel or 
aluminum shapes and clamps, may satisfy 


_ a number of railroad requirements but the 
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cost of the structure can vary greatly if 
certain dimensions are not standardized. 
The height of the trolley wire affects the 
moments in both the columns and the trusses 
of multiple-track structures, as well as the 
column in single-track structure. The 
separation of tracks affects the length of 
trusses and, as a consequence, necessitates 
heavier structures. 

Vertical dimensions of the structures bear- 
ing on trolley-wire height have been relieved 
due to the restrictions against men riding on 
tops of boxcars. Also, horizontal dimen- 
sions of structures have been greatly stand- 
ardized due to specifications on separation 
between track centers. The Electrical 
Section of AAR is recommending a 19-foot 
trolley-wire height for main-line electrifica- 
tion. 

Another means of reducing structural costs 
is by eliminating duplication of engineering 
drawings. In my AIEE paper, reference 1, 
an effort was made to emphasize the duplica- 
tions that take place in the engineering of a 
railroad electrification, particularly the 
duplication of working drawings. First, the 
railroad produces an excellent set of loading 
drawings for each structure, then proceeds 
to design the steel structures necessary for 
handling these loads. Second, the railroad 
details the structures preparatory to sending 
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to the fabricator and the fabricator, in turn, 
duplicates these drawings. On many jobs, 
particularly foreign, the loading drawings 
go direct to the fabricator, no detailing by 
the railroad is attempted. These drawings 
cost money. 


REFERENCE 


1. Are THE OVERHEAD DISTRIBUTION Costs 
RETARDING RAILROAD ELEcTRIFICATION? L. W. 
Birch. AJEE Transactions, vol. 67, pt. I, 1948, pp. 
243-57. 


F. O. Billings (Industrial Analyst, Newport, 
Wash.): The encourging future for railroad 
electrification in the United States as en- 
visioned by Mr. Curtis is bound to interest 
electrical utility men in the Pacific North- 
west. 


Electric power in the Pacific Northwest, 
both privately and publicly owned, is very 
low cost, and there would be plenty of it 
available for railroad use should the author’s 
thesis prove correct. Of course, we don’t 
have the traffic density that exists in the 
east, but the lower cost of electricity here 
would help make up for that to some extent. 
Should the railroad companies form an 
association or corporation that would do the 
power buying for all of them and would be 
responsible for all matters of distribution to 
trackside delivery points, further savings 
would result. Finally, it should be men- 
tioned that Pacific Northwest power is water 
generated: it doesn’t escalate in cost with 
time as does fuel-generated power. 


Many utility executives in this region will 
want to keep in close touch with the work 
of Committee 13. 


H. F. Brown (Gibbs & Hill, Inc., New York, 
N. Y.): This paper presents a compre- 
hensive summary of the economic factors 
which are gradually turning attention 
toward further railway electrification in this 
country. Most of these factors have been 
given careful consideration and adoption 
in other countries where the railways are 
more closely identified with the national 
economy than they are here. 


It is somewhat incongruous to observe 
the progress made in railway electrifica- 
tion for economy in war-devastated Europe 
since 1947, a substantial amount of which 
has been financed by the United States tax- 
payer, and then to note and compare the 
economic difficulties in which many of the 
American railways are involved today. In 
this country, insofar as transportation is 
concerned, the taxpayer seems to think only 
in terms of more improved highways and 
terminal parking areas for his automobile. 
Apparently very few taxpayers or their 
elected representatives consider the rail- 
ways to be a necessity today. 

The author of this paper is known for 
his energetic leadership as chairman of the 
Committee on Railway Electrification of 
the Electrical Section of the AAR. One 
function of the AAR committees is to study 
conditions and methods wherein and 
whereby railway operations may be im- 
proved. This paper is not only an excellent 
example of such AAR activity, but also of 
that of the Land Transportation Committee 
of the AIEE in encouraging the presentation 
of papers directed toward these same ends. 
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Naturally, a great deal of railway op- 
erating economy is involved with motive 
power. The diesel-electric locomotive, in 
the United States, was evolved from the 
electric locomotive. Electrical engineers 
have possibly had as much to do with the 
development and success of the diesel loco- 
motive as the mechanical engineers who im- 
proved the diesel engine. This type of 
locomotive would not have been applied so 
extensively without the electric drive as a 
torque converter. T here are now types of 
mechanical torque converters which some 
day may replace the electric drive. 

Electrification has already been used on 
parts of the railways of the United States for 
more than 50 years. Where it has been 
applied for economy over steam operations, 
it has never been replaced. It has been re- 
placed by the diesel in most of the short 
operations where the diesel, with additional 
ventilation, can also overcome the former 
limitations of steam operation in long tun- 
nels. 

The renewed interest in railway electrifica- 
tion is based on the fact, now becoming ap- 
parent to those who are studying motive- 
power economics, that electrification has 
the same economic potentials, applied to 
dense traffic now operated with diesel-motive 
power, that it formerly had with steam 
operation of such traffic. 

This may be disputed, because there is a 
great deal of “mythology” which has been 
developed along with the application of die- 
sel-electric motive power to American rail- 
ways. Greatly exaggerated claims for its 
economies have been made, some of which 
are gradually being shown in their true 
value as the time progresses. Mythology 
always fades under the light of truth. 

The railways of the United States cannot 
be called a growing industry at the present 
time. Any industrial enterprise not grow- 
ing has difficulty in attracting new capital. 
Yet the railways are continually requiring 
and seeking new capital for improvements 
and replacements. With little total increase 
in traffic since the end of the war, the total 
investment of the class I railways has been 
increased by one third. 

The railways would require less new 
capital if they could reduce their present 
large annual capital consumption. The 
class I railways of this country have spent 
an average of $200 million annually since 
1945 for new diesel-motive power alone. 
Most of this, it is now becoming apparent, 
has an average economic life of but 15 years. 
Therefore this capital expenditure and re- 
newal must continue. 

The maintenance of this diesel-motive 
power in road service alone on these rail- 
ways is now costing over $1 million per day; 
$365 million in 1956, and $377 million in 
1957. Thus, the maintenance and replace- 
ment of diesel-motive power on our class I 
railways are costing, and will continue to 
cost, more than one-half billion dollars per 
year. 

Reduction of these large maintenance ex- 
penses, and the conservation of the large 
consumption of capital for motive power, are 
the two major and immediate economies 
electrification can make in railway opera- 
tions today. 

Where locomotive operations per mile of 
track are sufficiently large, that is, with suffi- 
cient traffic density, on carefully selected 
routes, the total investment in electrifica- 
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tion and electric-motive power can be 
greater than for the total investment inj 
diesel-motive power alone, over the life of 
the electrification. With such electriea 

operation, the capital consumption will” 
actually less over a 30-year period than wi 
the continued investment in diesel pow 
The operating savings exclusive of fuel, nc 


with diesel operation. 
It is not necessary to wait for some to-— 


additional savings. These advances 
surely arrive in due time and will then a 


or to the savings with electrical operation; 


| 
It is extremely short-sighted for the rail 
Ee tenets , “* 
ways to state their inability to plan for mo re 
of their present motive power. Surely the | 
tremendous expenditure of more than $40) 


an additional 15-year life and use. 
railways must start soon to plan how th 
new competition will be met. It can be 


ble with electrical operation. 
The railways cannot look to the ta 
payers for financial assistance unless the 


operation. They are entitled to increased) 
rates where necessary to meet rising costs 


cae 


the increased revenues to meet the total 
expenses. 
The engineering professions: civil, 


chanical, and electrical, are all vitally 


This paper gives emphasis to one meth ode 
now being used extensively all over tk 
world, except in the United States. 


T. J. Nagel and B. A. Ross (American Elee- 
tric Power Service Corporation, New York 
N. Y.): We would like to commend Mf. 
Curtis for his forward thinking with regar 
to railroad electrification. Electrified rail 
Ways represent a substaritial load to the 
power industry which, if realized, would bei 
of benefit to the railroads, the coal industry,’ 
and ourselves. 

New railroad electrification in this country} 
has been confronted by several obstacle 
the most important of which have probabl 
been the relatively high capital cost of 
stalling the overhead catenary system, 
need for expensive conversion or balancing 
equipment, and, in many cases, the need fe 
a separate railway transmission system. 

The catenary problem needs new 
proaches in order to simplify and reduce 
cost of the overhead system installation 
The current use of relatively high voltage: 
e.g., 25 kv, is a step in that direction. 


niques, both with regard to motive po 
and adjacent structures, is another area 
in which reductions in this cost may be 
achieved. | 

The conversion equipment and trans- 
mission obstacles can be met by direct ser 
ice from power-company transmission sy 
tems at commercial frequency, without 
phase balancing or conversion equipment 
Recent studies by the American Electric 
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ee Company and the General Electric 
ompany have dealt with the capabilities 
f central station 3-phase generators for 
pplying single-phase loads. The power 
stem in many areas may already be able to 
upply the railway electrification load from 
facilities. This is particularly true 
an attempt is made to provide multipoint 
ervice from separate phases, thereby ob- 
aining a relatively good balance of load. 
Dur own studies have indicated this to be 
easible. 


Further proof of this power-system 
apability is offered by recent European 
Xperience, particularly in France, where 
ttle difficulty has been experienced in sup- 
lying relatively large railway single-phase 
pads. Continued growth of power systems 
vill further enhance their ability to supply 
inbalanced loads of this type. 


We urge the railroads to join the power 
ndustry in keeping alive an aggressive 
ipproach to the railway electrification prob- 
em. It will require co-operative and 
incere effort on both our parts if we are to 
ealize the goal of extensive railway electri- 
ication in this country. 


u. B. Curtis: The author appreciates the 
nterest of those who submitted comments 
mn this paper. The discussions are con- 
structive and help focus attention on this 
mportant subject. 


Mr. Stacy asks where the money will come 
rom to electrify even if the savings are sub- 
stantial. In 5 to 10 years American rail- 
‘oads will have to replace the bulk of their 


diesel-electric fleet of locomotives as they 
will have passed their economic life. It 
might pay some of these railroads to con- 
sider electrification, Also it is hoped that 
by that time the railroads will be able to 
compete on more equal terms with their 
competitors on land, water, and air, and 
thus be more economically sound. The 
author believes the electric locomotive will 
do as well or better than the diesel-electric 
on grades or in regard to high-speed wheel 
slip. Experience has shown that in electri- 
fied territory passenger trains hauled by 
diesel-electric locomotives cannot maintain 
the schedule assigned the electric loco- 
motive trains. In my statement that re- 
built diesels have not and undoubtedly will 
not show any advancement in technology, 
the word ‘‘diesels’’ is loosely used to refer to 
the diesel-engine part of the locomotive. 
The items Mr. Stacy lists as improvements 
are common to both types of locomotives. 
Again, in the matter of 3-year cycles of 
major overhauling, the word ‘‘locomotives”’ 
was used loosely for the diesel portion of the 
locomotive. Mr. Stacy has helped con- 
siderably to clarify statements in the paper. 
Mr. Shew has misinterpreted the state- 
ment ‘...railroads will regard dieseliza- 
tion as a stepping stone to electrification of 
lines of heavy traffic density.”’ Itis not the 
intention of the author to recommend diesel- 
ization as an intermediate step; the step 
is already an accomplished fact and has 
made many railroad men electric conscious. 
Both Mr. Shew and Mr. Funk emphasize 
the problems involved in tapping the 
utility’s 3-phase system with single-phase 
railroad load. This is acknowledged in the 


paper. However, the problem has been 
solved in many foreign countries and can be 
solved here when the time comes. 

Mr. Maloney’s remarks are very pertinent 
and emphasize how teamwork, which could 
also include the manufacturers, could render 
a real service in the development of this 
country. 


Mr. Birch, a great exponent of electifica- 
tion, emphasizes the advantages of stand- 
ardization of both engineering and material. 
This point cannot be stressed too strongly 
in the problem of reduced initial costs of 
the fixed structures and catenary system. 

Mr. Billings suggests the intriguing idea 
of several railroads considering electrifica- 
tion pooling their purchasing of power and 
taking advantage of cheap water-generated 
power. With ultrahigh-voltage trans- 
mission lines this might reach a very large 
area. AAR Committee 13 on Railway 
Electrification should follow up this thought. 


Mr. Brown is undoubtably the number 1 
man on electrification in this country and has 
studied most thoroughly the pro and con of 
electric versus diesel-electric motive power. 
All the author can do is say “amen” to 
Mr. Brown’s comments and to point out 
that he answers in part Mr. Stacy’s question 
as to where the money will come from for 
electrification. 


I appreciate the comments of Mr. Nagel 
and Mr. Ross, particularly as AAR Com- 
mittee 13 collaborated with their company 
in demonstrating that, at least in the area 
tested, the power system could take the 
single-phase commercial-frequency railroad 
load without expensive balancing apparatus. 
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HE ELECTRIC POWER require- 

ments of advanced manned aircraft are 
uch that 3-phase 400-cycle a-c electric 
ower systems are used on many of the 
ecently developed aircraft. Airborne 
‘quipment, such as radar and naviga- 
fonal aids, is of such a nature that the 
yerformance requirements for the a-c 
ower systems are more stringent than 
hose normally encountered for d-c power 
ystems. If the limits for system voltage 
yr frequency are exceeded as a result of a 
nalfunction in one or more of the system 
omponents, some of the equipment sup- 
lied by the system, as well as the system 
omponents themselves, would be dam- 
ied. Such damage can be eliminated or 
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minimized through proper isolation of the 
affected area of the system. This isola- 
tion, and thereby protection, is obtained 
through the use of supervisory panels 
which incorporate fault sensing, time de- 
lays, and appropriate relay circuitry. 
The stringent requirements plus the need 
for tolerance in normal operating condi- 
tions for a-c generators, regulators and 
constant-speed drives necessitates protec- 
tion circuits which can sense an out-of- 
limits condition within +1 or 2% and 
initiate proper isolation. This sensing 
accuracy must be maintained over tem- 
perature ranges of —55 to +120 C (de- 
grees centigrade) up to 70,000 feet of 
altitude, and under other severe en- 


Secunde—Overvoltage and Underfrequency Protection Circuits 


vironmental conditions. To accomplish 
this end, circuits utilizing the latest cir- 
cuit components and techniques must be 
employed. 

In this paper, two protection circuits 
which operate under these conditions 
are described. The first is an overvoltage 
circuit which senses the presence of an 
overvoltage condition, and initiates proper 
isolating action after a time delay which is 
inversely proportional to the overvoltage 
value. The second is an underfrequency 
circuit which will initiate proper isolating 
action whenever the system frequency be- 
comes less than a predetermined value. 
Both of these circuits are presented as 
unrelated protection schemes. In prac- 


Paper 60-988, recommended by the AIEE Aero- 
Space Transportation Committee and approved 
by the AIEE Technical Operations Department for 
presentation at the AIEE Pacific General Meeting, 
San Diego, Calif., August 8-12, 1960. Manuscript 
submitted March 23, 1959; made available for 
printing June 16, 1960. 
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ment of the circuits described in this paper. 
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tice, they are combined in integrated pro- 
tection systems. 


Overvoltage Circuit 


Malfunction of the generator or voltage 
regulator, and transient conditions which 
cause high voltage in an electric power 
system can cause damage to system com- 
ponents if allowed to exist beyond a time 
limit determined by the design of the 
affected components. An overvoltage 
circuit is used to sense the presence of a 
condition in which the system voltage ex- 
ceeds a predetermined maximum safe level 
and then causes proper isolation or gen- 
erator de-energization after a specified 
time delay. Hereafter, the action of 
initiating isolation or de-energization will 
be referred to as ‘“‘tripping.’”’ ‘ The maxi- 
mum limit line in Fig. 1 indicates the 
maximum length of time which an over- 
voltage condition can be allowed to exist 
in a particular system without possibility 
of damage. Normal voltage transients, 
however, must not cause the overvoltage 
circuit to trip. Therefore, a minimum 
time and trip-level limit is also shown in 
Fig. 1. To provide satisfactory operation 
the overvoltage circuit must not trip when 
the system voltage is below the minimum 
limit, or faster than the minimum time 
when it is above. It must trip within 
the proper time when the voltage is above 
the maximum limit. Hereafter, the value 
which the system voltage must exceed in 
order for an overvoltage condition to be 
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present will be referred to as “the 
minimum trip level.” As can be seen 
from Fig. 1 a typical tolerance on the 
minimum trip level is +2.5 volts, or 1.9%. 


Circuit DESCRIPTION 


Fig. 2 is a single-phase overvoltage pro- 
tection circuit which consists of a satura- 
ble core reactor, Zener diode, and other 
solid-state components which will sense 
the presence of an overvoltage condition 
and provide the required time delay be- 
fore actuation of the relay. Three-phase 
protection, with sensitivity to the highest 
phase voltage, can be obtained by using 
three sensing and timing circuits con- 
nected by a diode OR arrangement to one 
common output circuit as indicated in 
Fig. 2. As will be shown by the following 
description of operation, this circuit is 
sensitive to the average value of one half- 
cycle of the voltage being measured. It, 
therefore, approximately measures the 
rms value of the applied voltage; its 
performance is not appreciably affected by 
distorted voltage wave shapes as are 
peak sensing circuits. Under transient 
overvoltage conditions, it will integrate 
the transient overvoltage envelope and 
trip only if the total energy in that enve- 
lope is liable to cause damage to equip- 
ment. 

The alternating voltage whose excess 
magnitude is to be detected is connected 
to the autotransformer Ti. Through 
means of taps and an adjustable voltage- 
dividing resistor R1, it is reduced to the 
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characteristic 
and __ actual 
formance of 


plished will be shown), it will be driven « 
fraction of the total flux diflerence be: 


tive half-cycle as AR absorbs the volt 
seconds contained in the half-wave 0 
phase voltage. During the negative 
half-cycle, diode CR3 and CR4 conduct 
CR1 and CR2 block. Voltage increases 
across winding no. 2 until the Zener volt. 
age of diode CR5 is reached. For th 
remainder of the negative half-cycle the 
voltage across winding no. 2 is limited 
to the Zener voltage of CR5 plus the 
forward drop of CR3. Excess volt 
age is dropped across resistor R4. | 
effect, a voltage of essentially constam 
magnitude is applied to winding no. & 
during the negative half-cycle, and th 
flux is driven toward negative satura’ 
The saturable reactor is designed so tha 
under any applied voltage less than th 
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Fig. 2. Overvoltage circuit with single-transistor output 


inimum trip level, the change in flux 
the negative direction tends to be 
eater than in the positive direction, and 
ie core of AR is therefore at negative 
turation at the start of each positive 
ulf-cycle. 
When the alternating input voltage 
ceeds the minimum trip level, the flux 
ill be driven toward positive saturation 
uring the positive half-cycle to a greater 
tent than it is driven toward negative 
tturation during the negative half-cycle 
lereby causing a net gain toward posi- 
vesaturation. After a sufficient number 
F cycles has passed, the flux in the core 
ill reach positive saturation. When this 
ecurs, a large current will flow in winding 
o. 1 during the last few degrees of the 
ositive half-cycles which will produce 
oltage peaks across R6. These peaks of 
oltage are sufficient to turn on transistor 
1 for a length of time necessary to pick 
p the relay. The voltage developed 
cross R6 by the magnetizing current of 
inding no. 1 is low and will not be suffi- 
ient to overcome the forward voltage 
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: 


drop of the base-emitter junction of Q/. 
Therefore, the transistor will remain off 
until the peaks of voltage occur. Volt- 
age across relay is filtered by means of 
capacitor C1. Zener diode CR6 and 
resistor R7 are used to limit transistor 
base current to a safe level. Similarly, 
resistor R8 in series with C1 limits the 
transistor collector current. 

This action of “‘step flux change” pro- 
duces a time delay between the occurrence 
of overvoltage and the time at which the 
relay will be energized. The time delay 
is inversely proportional to the over- 
voltage magnitude. This inverse time 
delay is a result of the fact that a large 
overvoltage will produce a greater net 
gain in the core flux toward positive 
saturation during each cycle than will a 
small overvoltage. The equation for 
this action is given approximately by the 
following: 


_K-(ENt/f) 


TD 
E—Eo 


where 


Fig. 3 (left). High-gain two- 
transistor output circuit for use 
with overvoltage circuit 


Fig. 4. (right) Control and pro- 

tection panel incorporating 

semiconductor-magnetic over- 

voltage and underfrequency 
circuits 
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(1) 


K>>(1/f)(£s) 


where TD is the time delay for a given 
overvoltage; K is a constant determined 
by the design of the reactor AR; Eois the 
average value of one half-cycle of voltage 
at the minimum trip level; E is the aver- 
age value of one half-cycle of the actual 
voltage being measured; and f is the fre- 
quency. It can be seen that the term 
involving frequency is small, and there- 
fore operation is relatively insensitive to 
frequency variations. 


This circuit has an inherent ability to 
avalanche slightly when the reactor AR 
reaches positive saturation. This ava- 
lanche quality exists because more energy 
is required to drive the magnetic state of 
the core out of saturation than into 
saturation, and the circuit supplying 
energy to winding no. 2 is of compara- 
tively high impedance. When the energy 
necessary to drive the core flux out of 
saturation is supplied by that circuit dur- 
ing the negative half-cycles, some of the 
normally available volt-seconds are lost 
as a result of the increased voltage drop 
across the impedance. Consequently, 
the reactor will be driven further into 
saturation during the following positive 
half-cycle. This avalanche action pro- 
duces sufficiently large peak voltages 
across R6 to cause proper operation of the 
output circuit at, and above, the mini- 
mum trip level. 


After an overvoltage has been sensed 
and proper isolating action taken, the 
overvoltage circuit will automatically re- 
set when the voltage applied to it is 
decreased below a value approximately 10 
volts less than the minimum trip level. 
If the voltage is completely removed from 
the circuit after isolation has taken place, 
reset will not occur, and a subsequent 
overvoltage transient during generator 
build up, would cause a trip without a 
time delay. This hazard is avoided by 
connecting the overvoltage circuit perma- 
nently to the a-c terminals of the genera- 
tor, and allowing residual voltage of above 
25 volts to cause reset. If residual volt- 
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age is not above 25 volts, proper relay 
circuitry will allow the circuit to reset. 

Compensation for changes of the Zener 
voltage of CR5 and other circuit values as 
a result of temperature change is accom- 
plished through the use of a positive 
temperature coefficient resistor, R2. This 
circuit will operate satisfactorily from 
—55 Cto +120 C if silicon semiconductor 
components are used. The minimum trip 
can be adjusted over a range of approxi- 
mately 15 volts by means of the potenti- 
ometer, RJ. For any one circuit design 
the time delay characteristic is fixed, and 
major changes can be made through 
modification of the circuit component 
values. The circuit for which results are 
presented in this paper was designed to 
replace an existing overvoltage device for 
a commercial aircraft, and does not meet 
any particular military specification. 
For reference, the overvoltage operating 
range of MIL-E-7894A is also shown in 
Fig. 1. 


EXPERIMENTAL RESULTS 


A circuit identical to that of Fig. 2 using 
silicon semiconductors was tested as a 
breadboard, and found to provide trip 
and time delay characteristics within the 
limits of Fig. 1 from —55 C to +71 C. 
The results of the tests on this circuit are 
plotted on Fig. 1. The time delay char- 
acteristics were obtained by suddenly rais- 
ing the voltage applied to the overvoltage 
circuit to the overvoltage value desired. 
This method of measuring time delay is in 
accordance with accepted practice in the 
aircraft industry. A circuit essentially 
identical to that of Fig. 2, but with differ- 
ent temperature compensation was tested 
and found to provide operation within the 
limits of Fig. 1 from —55 C to +120 C. 

The circuit of Fig. 2, of necessity uses 
a saturable reactor approximately 2 inches 
in diameter. The size of this reactor can 
be reduced if more amplification is pro- 
vided by the output portion of the circuit. 
This can be accomplished by using the 
output circuit shown in Fig. 3. With the 
output circuit of Fig. 3 and a saturable re- 
actor of approximately 1.25-inches diam- 
eter, satisfactory operation from —55 C 
to +120 C within limits similar to those 
of Fig. 1 is being obtained in actual con- 
trol panels. One of the control panels 
using this circuit is shown in Fig. 4. 

The d-c supply for the output circuits 
of Figs. 2 and 3 can be from 10 volts to 
60 volts if proper precautions are taken 
in the selection of components. In tests, 
the circuit of Fig. 2 was supplied with 
direct voltages of 15 to 40 volts, and the 
circuit of Fig. 3 with 10 to 15 volts. 
Operation was satisfactory, and within 
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limits under all conditions of temperature 
and voltage. 


Underfrequency Circuit 


In an a-c power system there exists a 
need for protection from the effects of an 
underfrequency condition. When, as a 
result of loss of frequency control, an 
underfrequency condition does develop 
in a system, action should be taken to 
isolate the affected equipment and 
thereby prevent damage. A device which 
senses an underfrequency condition can 
also be used as part of an automatic 
start-up and shutdown scheme. By 
sensing whether the frequency is above 
or below a specified minimum level, it will 
either allow or prevent the load from be- 
ing connected to the generator if all other 
conditions are correct. Typically, the 
frequency below which proper isolation 
must be accomplished is 370 cps in a 400- 
cps aircraft system. Hereafter, this fre- 
quency will be referred to as “trip fre- 
quency.’”’ The tolerance allowed for this 
trip frequency is typically +10 cps or 
2.7%. Some applications require the 
underfrequency circuit to provide trip 
frequency accuracy of +5 eps or 1.3%. 
For advanced aircraft, operation within 
these tolerances must be maintained over 
a temperature range of —55 C to +120 C 
and a phase voltage range of 80 to 1380 
volts, 


Circuir DESCRIPTION 


In order to meet the need previously 
mentioned, an underfrequency circuit has 
been developed which meets the require- 
ments which are most important. This 
circuit is shown in Fig. 5. For operation, 
this circuit must be supplied with 3-phase 
a-c power in the 115-volt phase voltage, 
400-cps range. Although only one phase 
is used for frequency monitoring, the 3- 
phase power is necessary as a supply for 
the reference and output circuits. Basi- 
cally, the circuit functions as a time com- 
parison device. It continuously compares 
the time of half periods of the frequency 
being monitored with a reference time 
composed of a fixed direct voltage and 
the volt-second capacity of a toroidal 
saturable reactor wound on a core of 
square hysteresis-loop material. The 
time comparison function can be shown 
by the following derivation: 


do 
e=N at fundamental equation (2) 


é=induced voltage 
N=number of turns in coil 


dp 

~, =rate of change of magnetic 

dt A : 
flux with respect to time 
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edt = Nd 
Let e=fixed applied direct voltage E 


r +om 
ef amv f ‘db 
0 —om 


2Nom 
sage 


ATL 0) =1/2 period 


_ rated flux capacity of core 


If AT is one-half period of the f 
quency at the underfrequency trip point 
the system being monitored, and om 
known for a given core, the E can 
arbitrarily chosen, and N compw 
The resulting reactor will change fron 
negative to positive saturation in 
time with £ volts applied to the WV tt 


saturation at the time £ volts are applied 
The requirement of having the cor 
negative saturation at the start of 
comparing, or sensing, half-cycle is m 
with an auxiliary reset winding no. 
which is supplied with current duri1 
the half-cycles that the no. 1, or sens4 
ing, winding is not in operation. Sime 
the core material has a square hysteresis 
loop such as orthonol, deltamax, ete. 
change in coercive force during the sensi 


a fixed direct voltage is applied to a sat 
ble reactor, designed as indicated, for the 
duration of the negative half-cycles of 
the frequency being monitored. If the 
frequency is above the trip value, 
reactor will not change from negative toi 
positive saturation during this period anc 
no fault will be indicated. If the 
frequency is below the trip value, tk 


Adjustment Section. Three-phase power 
is half-wave rectified by diodes CRI, 2 


ances is provided by potentiometer R3 
In operation, this section of the circuit 
dissipates more power than all of the 
other sections combined because of the 
close voltage regulation required to main- 
tain accuracy of trip frequency from 80- 
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Fig. 5. Underfrequency circuit 


to 130-volt phase voltage within +-5-cps 
tolerance. 

The second, or Temperature Compensa- 
tion Section, is necessary to provide opera- 
tion within tolerance over the specified 
temperature range. The temperature 
compensation consists of a network com- 
posed of R4, a positive temperature coeffi- 
cient resistor and low temperature co- 
efficient resistors R5 and R6. This net- 
work provides a voltage at point A which 
decreases as the temperature increases, 
and thereby compensates for temperature 
variation of the regulated voltage supply 
and the critical saturable reactor char- 
acteristics, 


The next two sections, Cyclic Frequency 
Sensing and Cyclic Reset, will be described 
together. Through diode CR12, voltage 
is applied to winding no. 2 of the saturable 
reactor AR during the positive half-cycles 
of phase 1, driving it to negative satura- 
tion once each cycle. This voltage is 
limited by resistor R9 and low voltage 
reference diodes CR6 and CR7 so that reset 
can be accomplished very rapidly through 
the use of comparatively few turns in the 
winding, and so that high voltage peaks 
will not be induced in winding no. / during 
this operation Any such high voltages 
would cause damage to transistor QJ. 
Also, during the positive half-cycles, 
diode CR4 conducts through resistor R7 
diode CR5 blocks, and no base current 
can exist in QJ. Therefore, Q/ is cut 
off, and no voltage is applied to winding 
no. 1 of the reactor. Voltage at B is 
zero during the positive half-cycles. 


During the negative half-cycles of 
phase 1 CR4 blocks, CR5 conducts, and 
base current flows in Q/ from A through 
the emitter-base, CR5, and R7. 7 is 
used for base current limiting. With base 
current flowing, Q/ turns on to satura- 
tion and a voltage approximtely equal to 
that at A is applied to winding no. / and 
resistor R8. Voltage drop across Q/ is 
very low because of its low saturation 
resistance. The resistance of R8& is very 
low, relative to the impedance of winding 
no. / before saturation, and therefore, the 
voltage developed across it is approxi- 
mately 0.5 volts which is caused by the 
magnetizing current of winding no. / 
of the saturable reactor. These fixed 
voltage drops do not affect circuit opera- 
tion, and allowance is made for such fixed 
drops by the single adjustment 3. 
Q1 is turned on when phase / voltage 
drops below the voltage at A and off when 
it rises above that voltage. Since the 
voltage at A is very small compared to the 
voltage of phase 1, assume that Q/ is 
turned on as the phase J voltage passes 
through zero going negative and off when 
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it passes through zero going positive. 
When the frequency of phase 1 is above 
the trip value, the saturable reactor will 
not change from negative to positive satu- 
ration during the time interval that Q/ is 
on. Therefore, during the negative half- 
cycles of phase 1, the voltage across R8 
will be pulses of approximately 0.5 volts 
and a duration of one-half period. When 
the frequency of phase / is below the trip 
value, Q/ will remain on long enough to 
allow the saturable reactor to change from 
negative to positive saturation during a 
negative half-cycle. Under this condi- 
tion, a comparatively large voltage peak 
will occur across R8 at the end of each 
negative half-cycle due to the large current 
which will flow in winding no. 1 when the 
reactor reaches positive saturation. This 
voltage peak will be 1 to 5 volts. Since 
magnetic cores cannot yet be obtained 
with a hysteresis loop which very closely 
approaches the ideal used for calculations, 
the large voltage pulses mentioned do not 
occur instantaneously, but rise gradually 
over a range of phase 7 frequency. The 
rate of peak voltage build up is great 
enough to allow a proper output circuit 
to trip at the same frequency, +1 cps 
consistently, at any one temperature, 


The last section of this underfrequency 
circuit is the Monostable Pulse Amplifier 
and Relay Circuit. This is the output 
section, and, as such, senses the presence 
of the voltage peaks which occur across 
R8 when an underfrequency condition 
exists, and amplifies them enough to 
operate arelay. Since these peaks are of 
such short duration, a conventional ampli- 
fier would be unsuitable, and a mono- 
stable “flip-flop” circuit is used. This 
circuit not only amplifies the magnitude 
of the pulses, but also extends their time 
duration. The transistors in the flip-flop 
circuit are used as switches, and are driven 
to saturation when on and are cut off when 
off. 


When the frequency being monitored is 
above the trip level, pulses of approxi- 
mately 0.5 volts appear at point B. The 
bias on the output circuit is such that 
these pulses will not cause it to function. 
However, when an underfrequency condi- 
tion exists, the larger peaks of voltage at 
B will cause transistor Q2 to conduct, or 
turn on, because the bias made up of the 
forward voltage drops of diode CR8 and 
the base-emitter junction of Q2 is ex- 
ceeded, and base current flows. When 
Q2 is turned on, direct voltage from the 
first stage of regulation in the Power 
Supply section is applied to the relay and 
transistor Q3, which had been on due to 
base current flowing through the relay and 
R11, is turned off because its base voltage 
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becomes less than the Zener voltage of 
CR16. When Q3 is turned off, its 
collector voltage tends to rise and charge 
capacitor C1 through resistor R12. The 
charging current also flows through diode 
CR9, is blocked by CR8, and into the base 
of Q2 thereby maintaining Q2 on and Q3 
off, even though the original initiating 
pulse has disappeared. When the charg- 
ing current of Cl decays below the value 
necessary to maintain Q2 on, Q2 will turn 
off and Q3 turn on. When Q3 turns on, 
the circuit resets by allowing C1 to dis- 
charge rapidly through Q3, resistor RIO, 
and diode CR10. Once reset, the output 
circuit is ready to function when the next 
large voltage peak appears at point B. 
Diodes CR8, CR9, and CR10 are used for 
blocking functions during the modes of 
flip-flop operation. Diode CRI1 is used 
to protect the tansistors from inductive 
voltage peaks produced when the coil of 
the relay is supplied with pulsating direct 
voltage. The monostable output circuit 
is designed so that when the peaks of 
voltage across R8 are large enough to turn 
on Q2 each such peak will cause the out- 
put circuit to apply a direct voltage to 
the relay for a duration of approximately 
one-half period of the frequency at which 
the monitored system is required to trip, 
and of a magnitude large enough to cause 
the relay to be energized or picked up. 


EXPERIMENTAL RESULTS 


A circuit identical to that of Fig. 5 using 
silicon semiconductors was tested as a 
breadboard and as a portion of produc- 
tion control panels and found to pro- 
vide satisfactory operation. Its trip 
frequency is adjustable with a single 
potentiometer from 390 to 350 eps 
and, once adjusted, can be held to 
+5 cps over a temperature range of 
—55 C-to +120 C and a phase voltage 


TRIP FREQUENCY (CPS) 


Fig. 6 (right). Performance of 
underfrequency circuit (Relay 
picked up indicates under- 
frequency conditions. Relay 
dropped out indicates normal 
frequency) 
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range of 80 to 130 volts. Phase voltages 
of 180 volts will not damage compone 
provided the duration of such a volt: 
is limited to a few seconds under 
temperature conditions. Accuracy ¢ 
trip point above 130volts or below 80 volts 
is not critical when overvoltage and under. 
voltage devices are also used. The usual 
time delay used to prevent transient 
under-frequency conditions from isolatt § 
system components is longer than the 
overvoltage time delays, and there 4 
the overvoltage circuit would govern the 
isolating action. When an undervolta ; 

; 


is present (below 90 volts), the unde 
voltage circuit will function after approxi 
mately the same time delay used for ; 
underfrequency condition. | 
In general, the frequency at which th 
circuit trips will decrease as the avert 
phase voltage is decreased, and increasec 
as the average phase voltage is increased 
This circuit draws all of the necessary 
power from the three-phase system beings 
monitored, although only one phase i: 
used to provide the frequency signal: 
Due to this type of operation, the tr 
point will not be within +5 cps of thi 
desired frequency over the temperatura 
range when the phase voltage is above 12 
volts or below 80 volts. The circuit itsel: 
is inoperative below approximately 4¢ 
volts, average phase voltage, and will ne 
indicate a fault condition. Also, if tht 
voltage of the phase which is being used t 
provide the frequency signal is allowed 4 
drop below 45 volts while the other phe S, 
voltages remain normal, the circuit wii 
indicate an underfrequency condi ion 
even though the system frequency is ni 1 
mal, The variations in trip frequency fot 
the breadboard of this circuit over thi 
voltage and temperature ranges are showy 
on Fig. 6. 
To obtain the required +5 cps aa 
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turacy of trip frequency over the oper- 
iting conditions of an advanced aircraft 
‘lectric power system, this circuit in- 
sorporates some features which would be 
indesirable and unnecessary in less critical 
systems. As can be seen from Fig. 5, 
this circuit is complex. It requires 
approximately 15 watts of power from the 
3-phase a-c system and therefore provision 
must be made to dissipate the heat gen- 
a in the components, and to main- 
ain an ambient temperature around the 
Circuit not to exceed 120 C. In less 
critical applications the circuit could be 
modified to use fewer parts and require 
less power to operate. 


Conclusions 


The two circuits described in this paper 
were developed to meet the need for 
accurate fault sensing over extreme tem- 
perature, altitude, and vibrational condi- 
tions. They have been proved to operate 
satisfactorily from minus 55 C to plus 120 
C, and up to 50,000 feet altitude. It is 


felt that these two protection circuits have 
the following advantages over presently 
used gas tube, dash pot relay, tuned 
circuit, and sensitive relay fault sensing 
and timing schemes: 


1. They maintain stability of trip point 
throughout the environmental range. 


2. Since they are primarily solid state 
circuits and use hermetically sealed com- 
ponents, altitude and vibration will have 
little or no effect on performance. 


8. The size and weight of these circuits 
when assembled will be less than that neces- 
sary for more conventional protection 
schemes which are modified to provide the 
same performance. 


As characteristics of square hysteresis- 
loop magnetic cores and semiconductors 
become more definite and easier to control, 
design of circuits such as the ones pre- 
sented in this paper will become relatively 
simple and more exact. 

Simplified versions of these circuits 
(without voltage supply, amplifiers, and 
relays) can be used in integrated static, or 
solid-state protection schemes. Use of 


Photovoltaic Solar Energy Converters for 


Space Vehicles—Present Capabilities 
and Objectives 
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NONMEMBER AIEE 


Ti PRESENT accelerated program 
for space vehicles demands develop- 
ment of auxiliary power supplies which 
conserve weight and outlast conventional 
batteries. The solar radiation flux out- 
side the earth’s atmosphere is about 130 
watts/ft? (watts per square foot) at nor- 
malincidence. Utilization of this energy 
is within reach of present technology 
based on the following facts: 


Silicon solar cells of 10% efficiency are now 
available commercially so that an output 
power up to 13 watts/ft? is attainable. 


Transistorization of instrumentation, and 
data-recording and transmission equipment 
reduces power requirements of many space 
vehicles to levels below 1 kw. 

Large-scale production of solar cells should 
reduce the price of solar power delivered to 
below $300/watt. 

The lifetime of solar batteries is estimated to 
exceed that of conventional batteries by a 
factor of 100 and may even exceed the life- 
time of the vehicle. 
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The weight of silicon solar cells is negligible, 
compared with mechanical supports, result- 
ing in a weight far less than one pound /watt 
delivered. 

The objective of this paper is a critical 
analysis of: 

Experimental data of silicon solar cells under 
various operating conditions and environ- 
ment. 

Methods of overcoming present limitations 
of silicon solar cells, and preliminary results 
on potential new materials and device de- 
signs. 

Problems arising from the unique properties 
of the silicon solar cells as a circuit element. 


Some Properties of Silicon Solar Cells 


Fig. 1 presents pictorially a silicon solar 
cell; typical dimensions are 1 inch by 
1/2 inch by 40 mils. A p-region and an 
n-region form a p-n junction parallel to 
and about 0.1 mil below the top surface. 
While the entire back surface is nickel- 


Francis, Happ—Photovoltaic Solar Energy Converters 379 


these circuits in such a manner would 
enhance the advantages listed. 

These circuits as they are described in 
this paper are somewhat complex. Their 
use is determined by consideration of the 
suitability of less complex schemes and 
the accuracy and environmental limits 
required. Most of the recently issued 
specifications eliminate the use of the 
more commonly known protection 
schemes without deviation, but the cir- 
cuits of this paper will provide perform- 
ance in compliance with the specification 
requirements with minor, or no, devia- 
tions. 
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a  —— 


Paper 60-985, recommended by the AIEE Aero- 
Space Transportation Committee and approved 
by the AIEE Technical Operations Department for 
presentation at the AIEE Pacific General Meeting, 
San Diego, Calif., August 8-12, 1960. Manuscript 
submitted March 23, 1959; made available for 
printing June 28, 1960. 


A: B. Francis, formerly with the Lockheed Air- 
craft Corporation, Sunnyvale, Calif., is with 
Varian Associates, Palo Alto, Calif. W. W. Harr 
is with the Lockheed Missiles and Space Division 
Research Laboratories, Palo Alto, Calif. 


This work was done at the Lockheed Missiles and 
Space Division Research Laboratories, Palo_ Alto, 
Calif. 


Fig. 1. Silicon solar cell 
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Fig. 2. Open-circuit voltage versus temperature 
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A—Versus temperature 


as shown in Fig. 3(A). Clearly, then, the 
maximum power output Pax, shown in 
Fig. 4, varies linearly with temperature 
as 


OP max/dia— ol mw/ft?/C 


Although the low-temperature behavior 
is not discussed here, effects of thermal 
strains have been observed which lower 
the output power frequently below that 
shown in Fig. 4. Since the efficiency 
is strongly temperature-dependent, proper 
thermal design of the cell and its mounting 
is required to assure optimum utilization. 

It has been found that J;, and Pmax are 
proportional to the active area of the 
cell. 


INTENSITY DEPENDENCE 


The short-circuit current J;, varies 
linearly with light intensity Jp as 


dIs¢/dIp=302 milliamperes/watt 


because each quantum of sunlight of the 
proper wavelength produces one hole-elec- 
tron pair; see Fig. 3(B). The open- 
circuit voltage is essentially constant 
with intensity; hence the output power 
follows the Js, curve. Since the load 
voltage (Fig. 5) is constant with intensity, 
the silicon solar cell is ideal for charging 
storage batteries. 
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B—Versus intensity 


Measurement of cell response as a 
function of angle of incidence revealed no 
marked deviation from the expected 
cosine law variation. 


REFLECTIVITY 


Fig. 6 shows the reflectivity of the 
silicon solar cell in the region 0.4 to 1.8 
microns. The region from 0.4 to 1.0 
micron can be readily interpreted on the 
basis of the reflectivity of the boron- 
silicon top surface of the cell. The 
reflectivity at longer wavelengths, shown 
as a dashed curve, is influenced by the 
reflection from the metallic back electrode, 
since the silicon becomes transparent in 
this range. The effective absorptivity 
of the cell may be obtained from this 
curve by subtracting the reflectivity from 
unity. Some manufacturers are currently 
coating their cells to reduce the reflectivity 
at the surface, thus increasing the output 
power significantly, 


SPECTRAL RESPONSE 


Experimental data given in Fig. 7 
show the relative response of a silicon 
solar cell as a function of wavelength 
(solid curve) and, for comparison, the 
solar energy spectrum outside the earth’s 
atmosphere (dashed curve) is also given. 
Note that the cell responds only to the 
radiation between 0.5 and 1.0 micron; 
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Fig. 4. Maximum power versus temperatu e 
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this range contains only about 50% of ' 
the energy of the solar spectrum. Utili 
tion of the other half of the spectrum is a 


RADIATION DAMAGE 


Photovoltaic devices are more sensitive 
to radiation damage than almost any other ‘ 
type of energy converters. Fig. 8 shows 
percentile curves of failure and survival 
under 1 megelectron-volt gamma radi 
tion for preassigned tolerances of derati 
in the short-circuit current. The result 
ant deterioration is primarily dependent — 
on the radiation dosage, but may also b 
a function of radiation flux as indicated i1 
Fig. 9. At low fluxes, radiation damage 
is partially compensated by annealing 
effects, while calculations by Enslow, et 
al.,? indicate that, due to carrier produc- 
tion (photovoltaic effect) by gammi 
radiation, an increase in tolerance dos 
is anticipated. Junga and Enslow? have 
examined the effects of annealing, and 
the radiation damage due to fast and 
thermal neutron irradiation. 


Toward Kw Generators 


generators; in particular, vapor deposi- 
tion of thin silicon junctions has beet 
repeatedly and unsuccessfully attempted. 
Presently it is most economical to build 
arrays consisting of hundreds or even 
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Fig. 6. Reflectivity versus wavelength 
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. 

housands of individual small cells. Al- 
hough it is feasible to make solar cells 
af 1 or even 2 inches in diameter, the 
rittleness of the material, the need for 
eliability, and the cost of handling during 
nanufacture and assembly determine 
he optimum area as a fraction of a 
square inch. In assembling large num- 
ers of cells the following facts are im- 
Jortant: 


Bach cell delivers at optimum efficiency only 
at one operating point, a current Im(<Isc) 
and a corresponding voltage Vn(< Voc). 


A parallel combination of cells operates at 
the voltage of the cell producing the least 
voltage. 


A series combination of cells operates at the 
surrent of the cell producing the least cur- 
rent. 


To assemble an array of maximum effi- 
ciency, each cell should be tested indi- 
vidually; parallel combinations are matched 
according to Vm, and series combinations are 
matched according to Im. 


Heeger and Nisbett have developed tech- 
niques of testing and matching cells 
quickly and economically. 


Limitations of Silicon Solar Cells 


Novel fabrication and processing tech- 
nigues are constantly improving the 
ficiency, reliability, and reproducibility 
of silicon solar cells, and it is optimistically 
noped that the theoretical limit of 19.6%, 
calculated by Loferski,> may be ap- 
proached. Since the efficiency is re- 
juced by the contact resistance, surface 
‘eflection, and recombination centers, 
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Fig. 9. Flux-dose plot for silicon solar cells under gamma radiation 


to mention only a few factors, it is esti- 
mated that a cell which is 15% efficient 
constitutes a practical upper limit. 


Possible Improved Photovoltaic 
Devices 


Cadmium sulfide (CdS) is a particularly 
promising material since it exhibits a 
strong voltaic effect’ and the mechanism 
is somewhat different from that of silicon. 
CdS exhibits a photovoltaic response not 
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only at wavelengths shorter than its 
absorption edge as usually expected, but 
also at wavelengths for which the crystal 
is usually transparent. For a detailed 
discussion of the photovoltaic mechanism 
in CdS, see reference 7. At present, CdS 
photovoltaic cells have been made with 
an efficiency up to 7%, or about half that 
of silicon. The advantage of CdS arises 
from the fact that the decrease in efficiency 
with increase in temperature in CdS is 
so small that CdS and silicon are equally 
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efficient at about 150 C. This is due to 
the larger energy band gap (2.4 electron- 
volts) in CdS. 

An increase in the efficiency of a photo- 
voltaic device may also result from in- 
genious device designs. For example, it 
may be advantageous to stack up mate- 
rials with appropriately selected energy 
band gaps, in such a way that the largest 
band gap is nearest the incident light. 
Each layer would respond to a certain 
portion of the incident spectrum and 
transmit longer wavelengths which in 
turn would be utilized by subsequent 
layers. This improved method would 
utilize the over-all solar spectrum far 
more efficiently than silicon alone; thus 
efficiencies in excess of 20% might be 
achieved. 

Recently Goldstein and Pensak® ob- 
served a high-voltage photovoltaic effect 
in vapor-deposited cadmium telluride, 
and attributed this effect to a series com- 
bination of minute individual cells. A 
high-voltage device is presently not avail- 
able, and high voltages are obtained by 
cascading a large number of individual 
cells or by using circuit techniques for 
voltage conversion. In summary, then, 
commercial silicon solar cells of up to 
15% efficiency may in the near future be- 
come available in large quantities and, 
in the more distant future, novel mate- 
rials and devices are likely to replace 
them. 


Long-Range Objectives 


Photovoltaic energy converters are 
presently used for space vehicles because 


of weight and reliability considerations; 
in many respects they compare favora- 
bly with the conventional batteries 
and thermoelectric energy converters. 
Large-area power stations consisting of 
acres of solar cells have been proposed as 
energy sources for space laboratories on 
the moon and other planets. To be 
competitive with other energy converters 
we must look primarily toward improved 
fabrication ‘methods resulting in lower 
cost and higher reliability, in addition to 
new materials and devices leading to 
higher conversion efficiencies. 
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Electrical System Transients and Sensitive 
Circuit Control for Missiles and 
Space Vehicles 


T. B. OWEN 


MEMBER AIEE 


T ONE TIME a ffairly extensive 

literature was compiled on the 
phenomenon then known as “radio 
noise.”!—% At first this literature was al- 
most exclusively concerned with what 
could be heard coming out of the head 
phones of a radio set that was not signal, 
and later on with the ‘‘grass”’ that grew on 
the radar picture. There was an intense 
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flurry of interest in the problem at the 
latter part of World War II, because of 
the general introduction of very-high- 
frequency equipment. But once the 
problem had been brought down to its 
proper proportions and the interference 
eliminated, the whole question was 
dropped. Now, with the advent ot solid- 
state devices and their susceptibility to 
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Discussion 


Seattle, Wash.): The authors indicate 

theoretically cadmium sulfide solar cell 
should be superior to silicon solar cells with! 
respect to loss of efficiency at higher tem 
peratures. 


We have measured the effi-i 
ciency of both silicon and experimental 
cadmium sulfide solar cells at temperatures 


up to 260 degrees Fahrenheit. One of thes 
resulting comparisons is shown in Fig. 10.) 
Three other cadmium sulfide cells that we’ 
tested performed in essentially the same 
manner. It is apparent that the experi- 
mental cadmium sulfide cells that we tested 
had considerable loss in efficiency at ele-+ 


vated temperatures.  - } 


t 
W. W. Happ: Mr. Oman’s contribution is; 
most interesting and should stimulate in-| 
vestigation of the mechanism involved,| 
which will deviate from the simple mech-| 
anisms on which our theoretical predic-: 
tions were based. j 


destruction with transient impulses, and! 
the increasing use of digital-type com-| 
puters to which may transients loo 
exactly like a ‘‘bit’”’ of information, ther 
is a revival of interest in the subject. I 
is hoped that there will be, at last, enoug 
continuing effort to obtain interferenc 
suppression by design, instead of last- 
minute frenzied efforts with a pocketful ¢ 
filters and capacitors. Perhaps the pres 
ent changes of the earlier names to “‘radio- 
frequency interference” or ‘‘electromag- 
netic interference” will help.4—® | 
Inasmuch as the information on the 
problem is not much greater now than 
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| was in World War II, with a consequent 
uck of appreciation for the requisites for 
M engineering solution thereof, this 
aper sets forth an outline of the problem 
n engineering terms. With this out- 
ne, each individual case can be examined 
m its own merits. Above all, it is the 
uthor’s desire to take the problem out of 
he realm of the mysterious. Transients 
lo not just happen; to cause trouble, 
hey must be coupled to a ‘‘receiver”’ cir- 
uit, and they do not flit mysteriously 
lither and yon with no visible means of 
support. 


seneral Considerations 


Before proceeding further, the main out- 
ines of the problem must be considered: 
First, there must be a source creating an 
interference voltage, second, there must 
be a receiver circuit which would be 
affected by the interference voltage, and 
lastly, coupling of some sort must exist 
between receiver and source. If any 
of the three elements is missing, inter- 
ference will not result. For example, a 
motor may have violently sparking 
brushes creating a series of sharp tran- 
sient pulses on the line, and there may be 
a very sensitive digital computer fed from 
the same line. However, if the coupling 
between the motor and the computer 
has been destroyed by filters, shielding 
or any other means, interference will not 
result. All elements. must be present; 
there can be no exception to this rule. 


Interference Sources 


Roughly speaking, any piece of electric 
apparatus is a potential interference 
source. However, the interference pro- 
ducing apparatus is not so important as 
the type of interference produced. Next 
in importance is the voltage/current/fre- 
quency relationships of the interference. 


TRANSIENT GENERATION BY LOAD OR 
REGULATION CHANGE 


In almost every case, transients gen- 
erated by this method are characterized 
by fairly steep initial wavefronts, going 
back to a steady-state value at some later 
time, depending upon the regulation 
method, internal impedance, etc. ‘he 
transients produced by this method are 
not more than 25%, except where the 
loads are at least 100% of full load, and 
the generator has a high impedance. 


TRANSIENT GENERATION BY DISCHARGE 
or STORAGE ELEMENTS 


1. Capacitive Discharges. This is very 
infrequent. First a capacitive element 
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must be charged to a voltage above the 
line to which it is to be connected, and 
then a connection must be made to the 
line, so that the stored energy will be dis- 
charged. This transient is character- 
ized by a high peak voltage followed by 
an exponential decay to normal line volt- 
age. It may be oscillatory, depending 
upon the circuit parameters. 


2. Inductive Discharges. This is a 
very common form of transient generator. 
Motors, solenoids, relays, or the interrup- 
tion of any inductive circuit will cause this 
transient. In the inductance L, a cur- 
rent J flows, resulting in the energy 
storage 


1 
aes LI? joules (1) 


When the circuit is opened, this energy 
must be discharged and/or dissipated. 
This may be accomplished by an arc at 
the switch contacts, or it may be trans- 
ferred tothe distributed capacitance of the 
inductor and its circuit up to and includ- 
ing the switch. The energy stored in the 
capacitance, the capacitance C, and the 
voltage E are related as follows 


== | CE joules (2) 


Thus, if all the energy in the inductor is 
transferred to the capacitance, the maxi- 
mum instantaneous voltage across the ca- 
pacitance will be 


f 
pay" TI volts (3) 


This may be an oscillatory discharge; 
if the resistance is R, the frequency f 
will be 


=5 j-odi-2 ip evteayeecond (4) 
Tw 


Thus, depending upon the circuit con- 
stants, an oscillatory discharge may ap- 
pear across the inductor/circuit-capaci- 
tance combination. A transient has 
been created, the energy, voltage, and 
frequency of which may be readily cal- 
culated from a knowledge of the circuit 
parameters. So far, however, it must be 
remembered that this transient exists 


only in the L, C, and R combination of 


the inductor and distributed capacitance 
up to the switch that opened the circuit 
in the first place. 


3. Transient Generation by Diode 
Switching. The introduction of the high- 
efficiency silicon diode has brought about 
a whole new class of interference produc- 
ing devices. A relay or solenoid produces 
a transient only when it is switched— 
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when diodes are introduced to make the 
d-c device operate as an a-c device, 
transients occur at or near the zero volt- 
age points of the cycle. Here, the diode 
changes abruptly from a closed circuit to 
an open circuit. Unless this switching 
takes place at exactly current zero, some 
stored energy remains in the solenoid or 

relay, and must be discharged. It has 

been shown? that there is a large reverse 

current spike flowing through the diode 

at this time, producing an interference 

pulse. On 400-cps (cycles per second) cir- 

cuits where half-wave rectification is used, - 
the interference will be 400 pulses/second; 

if full-wave, 800 pulses/second. The rea- 

son that this interference has arisen with 

the introduction of the silicon diode is 

two-fold: first, the diode was introduced at 

the same time that a-c systems on aircraft 

became popular, so that the applications 

for diodes as rectifiers multiplied; second, 

this diode is a much more efficient switch 

than others previously used. Germanium 

diodes, etc, also produce switching 

pulses, but of much less intensity than the 

silicon. 


Lamp Loap SWITHCING TRANSIENTS 


The “cold” resistance of the ordinary 
incandescent lamp is approximately 1/10 
the “hot” resistance. Therefore, lamp 
circuits, when switched to provide dis- 
plays of one kind or another must be 
carefully treated. Any lamp will have a 
steep-fronted current input, and a large 
filamented lamp, heating relatively slowly, 
will have an input current of 8 to 10 times 
the steady-state current. Such sharp 
wavefronts are capable of producing inter- 
ference far beyond that which one would 
normally expect, and must always be 
treated with caution. 


Receiver Circuits 


The receiver may generally be anything 
which is capable of a misoperation (not 
necessarily a malfunction) by the intro- 
duction of an unwanted signal. It may 
be an ordinary sensitive relay, or it may be 
some sort of amplifier-actuated device, 
such as a transistor or vacuum-tube 
amplifier, integrating and/or storing in- 
put signals, In any event, receivers may 
be put into two general classes: high input 
impedance and low input impedance. 
Generally, the main difference between 
these classes is the energy required to 
actuate them. For example, if the input 
impedances of two amplifiers are 1,000 and 
100,000 ohms, respectively, and a 500-volt 
pulse lasting for one millisecond is re- 
quired to actuate each of them, the watt- 
seconds of energy in both cases will be 
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5002 
oi: 1,000 


1,000-ohm input 


10-3=0.25 watt-second for the 


500? 


~ 100,000 
the 100,000-ohm input 


10-?=0.0025 watt-second for 


This is equivalent to saying that the high- 
impedance receiver is more “‘sensitive’’ 
than the low-impedance device. 
Transients with 0.25 watt-second of 
energy are quite rare, those of 0.0025 
watt-second may be more numerous, for 
this is equivalent to the discharge of an 
inductor of 0.1 henry with a current flow of 
0.7 ampere. 

It is very clear that one method of de- 
sensitizing a receiver circuit is to change 
it from high- to low-impedance input. 
Essentially, this is what is done when an 
input filter isinstalled. The receiver may 
look into a high-impedance load, but to 
the rest of the circuit, the receiver may 
look like a very low impedance. This 
must not be indiscriminately done, for one 
undesirable effect may be to convert a 
high-impedance line with a high-voltage 
pulse on it to a low-impedance line with a 
high current pulse on it. In coupling to 
other circuits, the high current pulse is 
much more effective, as will be seen later. 
It must suffice to say here that while low- 
impedance devices are very desirable at 
transient frequencies, great care must be 
exercised to insure that the conversion to 
low impedance does not bring up other 
troubles, 


Coupling Circuits 


Circuit coupling is much misunder- 
stood. It is quite common to speak of a 
solenoid, relay or other device radiating 
energy to receivers, whereas this is only 
very exceptionally the case. Thus, some 
time will be taken to show how this comes 
about. It is very important that we use 
correct terminology. 


RADIATION COUPLING 


In reference 10, the following is given as 
the field strength in electromagnetic units, 
at a distance of r centimeters from and 
normal to a dipole of length / centimeters, 
and a current of J amperes flowing in the 
dipole. 


ra 
£ 3 cos («.-") 
h=II| — si —— )——-—___+ 
L E sin («0 *) ? 
(5) 


From an examination of this equation, 
the following is evident: 


1. The first term varies inversely with 
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distance, the second inversely as the square 
of the distance. 

2. The first term is smaller than the second 
in the ratio w/c at zero distance. Numer- 
ically, they become equal at y=c/w, at one 
megacycle this is 478 meters. At lesser 
distances the second term predominates. 


3. As w approaches zero, or the d-c condi- 
tion the first term vanishes, and the second 
term only is left. It is now identical with 
the familiar equation for magnetic induction 
at d-c. 


4, As a consequence, at the distances com- 
monly involved in aircraft and missiles which 
is a few meters at most, the radiation field 
(the first term) is very small and is not 
effective in producing an interference field; 
the induction field (the second term) de- 
creases rapidly with distance but is the actual 
interference field, if one is effective. At all 
except the kilomegacycle range and above, 
the radiation field may be neglected for all 
practical purposes. 


INDUCTION FIELD COUPLING 


From what has been shown in the pre- 

vious section on Radiation Coupling, 
any field set up by current flow can be 
calculated from ordinary induction field 
theory. Then, if the length of wire 
composing the receiver circuit that is 
subjected to a certain field is known, 
the total field may be found, and the 
voltage induced in the receiver wire found 
by a knowledge of the rate-of-change of 
flux in the field. 
E= -vo volts (6) 
This is the only method by which in- 
duction coupling may exist, eg., 1. an 
induction field is set up by a current flow, 
2. a receiver wire is in this field, and 3. 
the induction field is changing as a 
function of time. An unchanging field, as 
one set up by a direct current, will not 
couple into an adjacent circuit, but the 
ripple, hash or transients on the d-c line 
may be coupled since they represent a 
field flux change. 


1. Induction Field Extent. A current 
flow in a wire implies a return flow, and 
the induction field thus is thought of as a 
field between two conductors. Now, 
the inductance of such a loop of wire de- 
pends directly upon the distance between 
the two wires and their diameter. The 
total impedance Z, is 


! f 2s 
Z=Ractj (cosas 60 logio ie a a 
ohms/1,000 feet (7) 
where 
f=frequency, cps 
s=distance between the two wires 


d=wire diameter 
X;4=internal reactance 
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Thus, at all except direct current, spac: ing 4 
the wires close together decreases the cir.» 
cuit impedance. Obviously, it also re 4 
duces the extent of the field, althoug! 
theoretically the field extends out tog 
infinity. Let us examine this concept. 1 
If we assume two conductors, going and 4 


ductors. Where there is a single cond ce - 
tor with return through a flat ground 
plane, asin aircraft or missile structure, the # 
field will concentrate in a small area be + 
tween the wire and the structure, with th 
return current in structure confined to 7 
small area directly opposite the wire. . 
The higher the frequency, the more 
confined the field will be, and with very ' 
close spacings where wiring is laid directly * 
on the ground plane, or where twisted | 


small. 


2. Induction Field Shielding. : 
permeability of copper is the same as} 
that of air or vacuum, so that copper ' 
braid shield has no effect on a field other 
than the voltage induced in it as a functior 
of field change. The only material which 
is effective as an induction shield at low 


which offers a lower reluctance path tha 
air or vacuum. At high frequencies, a 
solid copper shield is effective if correctly 


to cut down induction field coupling is 
usually a waste of materials, it is effective 
as an electric field shield. This is why 
military specifications require that power 
cables not be shielded—it gives a sense 
of security which is not there. 


3. Induction Field Control. Where 


as possible to the supply wire. This 
means running wires as close to the ground — 
plane as possible, or possibly running 
twisted pairs as an extreme measure. 
Further, power cables should never be run 


the distance, a small separation will de- 
crease coupling by decreasing the inter-_ 
ference field. | 


ELECTRIC FIELD COUPLING 


Coupling may occur as a result of the 
capacitance between two objects. If a 
voltage appears on one of two objects, a 
voltage will also appear on the other by 
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tue of capacitive coupling. Current is 
involved, all that is necessary is that 
: object be charged and that there be 
dacitive coupling to the other. Shield- 
here is very simple, and may consist of 
cing the two objects so that there is no 
pacitance between them, or alter- 
‘ively, interposing a metallic shield be- 
een them which is at ground potential, 
that there is capacitance between 
th objects and ground but not between 
objects. 

t is unfortunate that the difference 
ween electrostatic and electromagnetic 
elding is not understood; one finds 
ut electrostatic shielding is frequently 
plied in the mistaken notion that it will 
O serve as an electromagnetic shield. 
is probably these instances which have 
ren rise to the idea that shielding is in- 
ective, or in a given case does not work 
all. Electrostatic shielding is very 
sily applied and understood, and is en- 
ely effective if the coupling is capaci- 
re. It is purely fortuitous when elec- 
static shielding entirely cures a case of 
ferference coupling, in most cases the 
upling path is through both the electric 
d the magnetic fields. 


terference Control 


To recapitulate what was stated under 
seneral Considerations,” in order to 
ve interference of any kind all three of 
e following elements must be present: 


A source must be actively generating 
terference voltages and currents. 


A receiver circuit must be present 
lich may be affected by the interference 
ltages or currents. 


A coupling means must be present be- 
een the source and the receiver. 


If any one of the foregoing elements is 
issing, regardless of the presence or 
tensity of the others, interference will 
tt result. Clearly, then, interference 
ay be eliminated by controlling any one 
the three elements. Unfortunately, in 
e past more attention has been paid to 
urce suppression than to other methods, 
obably because the device itself is so 
adily identifiable as an interference 
urce. The result very often has been to 
ave the designer of the receiver virtually 
free hand; no restrictions are placed on 
s activities. The result is obvious, the 
-frame manufacturer is required to in- 
all an article to which the designer has 
tached a list of almost impossible de- 
ands in the way of voltage, frequency, 
id transient tolerances. Meeting these 
mands has involved greatly increased 
sts in weight and performance of the 
hicle, which in most instances would 
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have been avoided if the equipment de- 
signer had thought of his article as a part 
of a system, not as an isolated unit. 


INTERFERENCE CONTROL BY SOURCE 
SUPPRESSION 


Many cases where this is the most 
practical method immediately come to 
mind. A motor may have sparking 
brushes; the contact on a relay or switch 
may spark violently. In such cases 
there is no doubt as to the remedy, since 
suppression of the interference also 
improves the operation of the circuit or 
device. The case is not so clear in other 
areas. 


1. Relay or Solenoid Slugging. If 
interference is caused by the discharge of 
the stored energy of an inductor it may be 
eliminated by providing a low-impedance 
path in which the energy may be dissi- 
pated. Such is often done by providing 
bypass diodes, etc. However, this is 
not always clear gain, for a relay or sole- 
noid may be “‘slugged”’, or its time of 
operation changed, by the application of 
diodes. In some cases, this may delay 
the relay drop-outs to a half-second or 
so, giving rise to unco-ordinated circuit 
operation. Slugging, either by diodes, 
resistors, or capacitors, may certainly be 
used to suppress a source transient, but 
the effect upon the operation of the com- 
ponent in the system must also be taken 
into account. 


2. Source Filtering. This is a very 
popular method of source suppression, 
and may be very effective, especially on 
small motors. Commonly, a _ pi-type 
filter is used, capacitor-inductor-capacitor, 
so that the motor looks into a low im- 
pedance, and the impedance looking 
toward the motor is also low. This will 
have two effects which must be taken into 
account. 

a. The interference generator in the 
motor may be considered as one operating 
at many frequencies, with resonant and 
antiresonant internal impedances. That 
is, at some frequencies, it is a voltage 
generator, at others it is a current gen- 
erator. The effect of terminating such a 
generator in a low impedance capacitor 
is to make the interference currents high 
at all frequencies. The capacitor must 
be physically located directly on the de- 
vice, so that the interference currents do 
not flow outside it. 

Further, it is essential that the high r-f 
currents inside the device be confined 
there, all openings, etc., must be carefully 
shielded by construction or by placing a 
heavy copper screen over them. In any 
event, the r-f interference currents and 
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the heavy associated field must be con- 
tained within it. If the currents flow 
outside at any point, a field is set up which 
may couple to adjacent wiring. 

b. The filter looks like a low im- 
pedance to the rest of the circuit, and may 
cause the flow of heavy transient currents 
instead of the transients appearing as 
voltages on the line. Many cases of inter- 
ference have been ‘“‘cleared’’ in this 
manner, the interference voltage dis- 
appears but the interference is still 
present, possibly in another receiver pre- 
viously unaffected. 


INTERFERENCE CONTROL BY RECEIVER 
DESIGN 


This is a most controversial area, and 
no hard-and-fast rules can be set down. 
However, it is certainly the responsibility 
of the designer to make his equipment as 
inherently good ashecan. That is to say, 
the design should not be such as to un- 
necessarily increase the susceptibility to 
coupling to an adjacent field; inputs 
should be isolated as much as possible, 
and certainly there should be no coupling 
between input and output. 

As a rough criterion, it would seem that 
a device should be at least one order more 
sensitive to signals on a designated input 
terminal than to signals of the same fre- 
quency upon power supply, control or 
output wiring. This might not seem to 
be much of a requirement, but the author 
has had experiences with equipment more 
sensitive to signals on the power supply 
than to signals on the input. It is 
certainly no reflection upon the man in- 
stalling such equipment that he has inter- 
ference troubles, although this is generally 
where the blame falls. 

There is no point in taking this facet of 
the problem any farther. The equipment 
designer should certainly know the part 
his design will play in the system, and 
not make severe demands upon others 
merely because it lightens his burden. 


INTERFERENCE CONTROL BY COUPLING 
CONTROL 


1. Induction and Electric Field Coupling. 
There is nothing quite so effective as 
physically separating the receiver from 
the source, the induction field decreases as 
the square of the distance, the electric 
field directly as the distance. The appli- 
cable methods here may be summarized 
briefly as follows: 

a.. Provide physical separation be- 
tween the two circuits. 

b. Provide electrostatic shielding by 
design if possible i.e., run sensitive cir- 
cuits close to the ground plane, with metal 
between them and source circuits. 
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c. Minimize the field area of both re- 
ceiver and source by running the circuit 
wire and its return path as close together 
as possible. This may mean a twisted 
pair or a wire close to the ground plane. 

d. Ifa receiver wire must be exposed 
to a field, provide for cancellation effects 
by running it as a twisted pair with 
proper treatment at the receiver end so 
that the two induced voltages cancel. 

2. Source Wiring Impedance Control. 
If such wiring is made low impedance by 
the installation of capacitors, bleed re- 
sistors, batteries, etc., high interference 
voltages cannot occur on account of the 
energy requirements. However, such 
devices may convert a high-voltage tran- 
sient to a high current one and un- 
expected coupling occurs, because of 
induction fields. Properly used, these 
are excellent devices, and their usages may 
be summarized as shown: 

a. Install capacitors, resistances, 
batteries, so that the induction field set 
up by high interference currents do not 
couple into wiring farther down stream. 

b. Astorage battery has an effective 
capacitance of 17,000 microfarads/ampere 
hour,!! at least in the smaller sizes. It is 
much better than a capacitor for making 
a line low impedance on d-c circuits, 

ce. A capacitor must be the non- 
inductively woundtype. Thisisa special 
type, and must be so specified and pur- 
chased.  Electrolytics, tantalytics and 
metallized capacitors are generally un- 
suitable for this service. Only the highest 
quality oil-filled capacitors should be used. 


A further restriction is where capacitors 
are used on a-c lines. Only certain types 
are suitable; these are so designated in the 
manufacturers’ literature. 


Conclusion 


The foregoing was not intended to in- 
troduce anything new or original. Cer- 
tainly, there is little of this in most en- 
gineering fields. The intent has been to 
set forth well-known, tested, tried-and- 
true methods of controlling the coupling 
of transients into sensitive circuits. All 
of the methods set forth are well known 
to those who have been chasing ‘‘radio 
noise” for many years. It is the devices 
affected by interference voltages and cur- 
rents that have changed. The principles 
are the same as those used by designers 
over 15 years ago. To summarize, these 
principles are: 

1. For interference to be a problem, there 


must be a source, a receiver and a coupling 
means. 


2. Methods of reducing or eliminating the 
interference produced by most devices are 
well known, and when applied within their 
limitations are successful. 


83. Design of the receiver for decreased sen- 
sitivity to interference signals on other than 
its input is a fundamental responsibility of 
the equipment designer. 


4. Interference fields may be reduced in 
intensity and volume by control of the wiring 
to the device producing the interference. 


5. Coupling between an interference field 
and a sensitive circuit may be decreased by 
control of source and receiver wiring to the 
point that it is not significant. 
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are generally expressed in one of two. 


ways. The first is the ‘‘yes-no”’ type, i.e., 
a statement that a certain event did or 
did not occur. The second type ex- 
presses the results in numerical values. 
The yes-no type of operation is a gen- 
eralization of which the commonly known 
“Go-No-Go”’ principle of testing is an 
example. By definition, in this opera- 
tion, the causative agent has only a single 
value and the operation of this agent 
causes one of two possible reactions. 
Thus, when the current passed through a 
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circuit breaker is held constant, the re- 
sults can be expressed in only one attri- 
bute of the two possible attributes: 
“breaker closed” or “breaker open.” 
This is commonly referred to as “testing 
as an attribute.” 

In contradistinction, this simple state- 
ment can be elaborated upon by making 
two changes: First, the current is made 
to vary, and second, only one attribute 
is considered. For instance, the current 
is increased from below a value considered 
critical until the breaker “pops,” which 
is the single attribute considered. A 
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6. Interference field control may be g 
tained by decreasing the impedance of t 
lines carrying the interference signa 
Unless care is used, this may de 
interference voltages at the expense of i 
ference currents. 


7. No one method of control is to be 
ferred above all others, judicious use of tt 
various control devices is preferred. Ne es 
theless, in original design it is well to exe: 
control over all areas if possible, so tha 
interference-free installation will result. 
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group of operations most likely 
demonstrate that there are as 
distinct measurable current valu 
there were trials performed to operat 
breaker. The variable measurements a: 
then related to the single attribt 
This is then referred to as “‘testing 2 
variable” and furnishes “‘measureme: 
data” to use the commonly used terms. 

As a variant of the foregoing, the 
preceding parameters of variable curr 
and fixed attribute are considered 
gether with another variable. For 
ample, there is the case of determi 
the value of current necessary to ma 
breaker operate and the time consun 
in opening. As a result of a number 
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erations, this furnishes information on 
= variations in current and the opening 
ne interval at the various current levels. 
le aim may be to determine a “‘cause 
d effect” relationship, such as between 
trent value and opening time at the 
ed attribute of ‘“‘open breaker.’’ This 
a case of correlation. 

The foregoing sequence is developed 
the paper, except for the ‘‘correlation”’ 
ample. The data from the circuit 
eaker test are not suitable for the 
trelation demonstration. 

The following example will illustrate 
e application of ‘confidence limits’ to 
tributes. It is common practice to test 
sample and express the results in per- 
ntage of failure and success. It is in- 
equent that thought is given to the 
ze of the sample » or to the relation of 
le sample size to the results. Likewise, 
le sample attributes are tacitly assumed 
) be representative of the population 
om which the sample is taken and of 
hich the sample represents only a small 
action. This amounts to jumping from 
1 unwarranted assumption to a wrong 
ynelusion. In contradistinction, the fol- 
wing illustrates the statistical approach: 
n instantaneous circuit breaker is to 
e tested for the accuracy of its electrical 
peration. At a certain value—3.9 amp 
amperes) or higher in this instance— 
he mechanism is expected to open the 
ircuit carrying the current. Operation 
iust be obtained at 4.7 amp to avoid 
amage to critical components. To test 
he accuracy with which this is accom- 
lished is the purpose of this experi- 
nent. To express the results and the 
mplications in numerical terms is the 
unction of the statistical methods em- 
loyed here. 

In laboratory tests of this device, it is 
tandard procedure to choose a round 
umber, say 20, as the number of trials 
© be performed. Then when the 20 
tials are completed and no failure was 
bserved, complete success is announced. 
gut such embarrassing questions remain 
answered as: What would have hap- 
ened at the 21st trial? and What may 
lappen in 1,000 trials? Perhaps these 
loubts are manifestations of the engineer- 
ng conscience. 

To resolve these speculations, one will 
lave to answer the question: Is there a 
ossibility of failure at all? If the answer 
s negative, there is no problem. How- 
ver, if there is any chance of failure, then 
tatistics enter into the picture. Sup- 
ose an answer relating the foregoing 
est to 1,000 operations is desired. The 
yperations answer is to be in numerical, 
juantitative form. Also, we should like 
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to have an appraisal of the degree of 
confidence we may place in the answer. 

Without going into derivations, which 
may be found in references 1 and 2, we 
resort to a table of ‘0.99 Confidence 
Intervals’’ as prepared in reference 3. 
There one finds the ‘‘Numbers Observed,” 
column which here refers to the number 
of failures, or zero. The ‘‘Size of Sample’”’ 
is 20. Then, below, comes the answer 
“0-23.” This indicates that if the present 
process of sampling by 20’s were con- 
tinued, one might obtain samples con- 
taining failures, and that these defec- 
tives are likely to be as high as 23% of a 
sample. 

This expresses the idea that in a sample 
of 20 trials a ‘“‘no failure’ condition is as 
likely to arise as 5 failures. The implica- 
tion is that when one sample is drawn 
from a ‘Universe’ constituted of suc- 
cesses and failures, the distribution may 
be estimated only by this single, small 
sample; see Fig. 1. This definition of 
likely success and failure, or this small 
degree of definition, is of little use in most 
cases. 

So the elation over a failureless test 


‘turns into uncertainty and a desire to 


know the worst. The universe, which as 
shown in Fig. 1 may contain 12% 
defectives, is useless. It is now neces- 
sary to change the qualitative statement 
of failure and success into a quantitative 
one. One must settle upon some figure 
as a level of acceptability. Say that 3% 
failures are permissible. The task is to 
find a level of testing that will clearly 
define this 3% as the limit of failures. 

Therefore the ‘‘Confidence Interval’ 
table is used, in reverse this time, in 
search of a pair of numbers of which 
the higher is 3% or less. This may be 
found under ‘“‘Size of Sample’”’ 1,000, with 
“Fractions Observed” of 0.02. This 
information—that in a test of 1,000 trials 
a maximum of 2% failures are permitted 
— is to assure ourselves that the universe 
from which this sample is drawn does not 
contain 3% or more failures. 

A discomforting proviso, however, now 
appears: The foregoing tabulation is for 
a 99% confidence level, i-e., nothing is 
stated about 1% of a large number of 
operations. Whether to assume that this 
1% will present itself in operation as a 
failure or as a success is left to the in- 
dividual. Generally, the more impetuous 
consider the chance of failure very unlikely 
in this 1% of the universe, and ignore it. 
Yet, others do not. The quandary in 
which the engineer finds himself points 
up the reasoning of those who deny to 
statistics the status of a science. 

The foregoing illustrates a universal 
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FAILURES 


SUCCESS 


ACTUAL TEST 
20 ORERATIONS 
20 SUCCESSES 


PROBABLE 
RANGE 
a=” 
WORST 
16 SUCCESSES 
4 FAILURES 


ESTIMATED 
UNIVERSE 


88°% SUCCESS 
12% FAILURE 


Fig. 1. Attribute distribution 


truth that the quality of the input deter- 
mines the quality of the output. In this 
case, the quality of the input is deter- 
mined by the diligence of the search and, 
in turn, by the quantity of carefully 
measured statistics. The quality of the 
answer is expressed by the refinement of 
definition of the boundaries within which 
the true value may be expected. 

For the time being, let us assume that 
we wish to improve the quality of the 
answer by increasing the quantity of input 
statistics. Then, a very large sample 
results, say, one calling for 1,000 trials. 
Generally, a 1,000-trial sample is too 
onerous a burden on the budget. “Hav- 
ing no budget, we must think” to para- 
phrase a famous scientist. This leads 
us into another aspect of statistics, con- 
nected with careful measurements. We 
graduate from the “‘yes-no”’ sort of opera- 
tion into one using gradations expressing 
the many possibilities between the yes-no 
limits. The appeal of novelty and the 
impressive statistical jargon tempts many 
to process data indiscriminately by 
statistical methods. In any event, it is 
mandatory that the measurement data, 
i.e., current values in the operation at 
hand, be made to vary only by changing at 
random conditions. Where a single in- 
fluence varies the operation of a device, 
and this influence has only two values, 
only two variates are generated. Such a 
condition could be caused by the ran- 
dom magnetization of a relay pole as a 
function of random transients at the in- 
stant of disconnection. Assuming that 
the relay is otherwise perfect, only two 
values of critical current, two variates, 
would be found in a test. This is the 
“‘yes-no” type again. Usually more than 
one randomly changing condition affects 
an operation. Consider the simplest 
case: In addition to the forementioned 
magnetization influence on the operation, 
there is a variation caused by a mechanical 
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OPERATING 
ELEMENTS 


NORMAL 


CALIBRATING 
SPRING 


NORMAL 


imperfection, the frequent jamming of a 
calibration spring. Thus, without the 
former and the latter influences we would 
have a device which normally would 
operate at 4 amp. This current is de- 
creased by 0.1 amp under adverse me- 
chanical conditions, and a similar amount 
under adverse magnetic conditions, Fur- 
ther, it is stipulated that any operating 
condition has as much chance of occurring 
as any other, so that the probability of 
each condition is p=0.5. The question 
to be answered now is: What values of 
trip current will occur and with what 
frequency? 

Referring to Fig. 2, block A shows the 
two operating elements and the two condi- 
tions for each. Block B shows the 
magnitude of the trip current of each 
condition. Block C converts the current 
values into relative units, where 4 amp=1. 
It also gives the probability of occurrence 
of each condition. The interplay be- 
tween the various operating conditions 
gives rise to the four combinations 
shown in the field of the figure, the com- 
binations being expressed in terms of the 
trip current and the probability of occur- 
rence, The combinations are ‘‘added”’ in 
block D in a fashion which indicates the 
probability of the occurrence of a cer- 
tain value. This is then converted into 
absolute units in block H. Inspection of 
this latter block reveals that the trip 
current may have three values, i.e., 4, 
3.9, and 3.8 amp at probabilities of 0.25, 
0.5 and 0.25, respectively. This prob- 
ability sequence may also be expressed 
as (0.5+0.5)?. This is the inception of a 
development tending to express the dis- 
tribution of chance-generated values. 
It is illustrated in Fig. 3. The foregoing 
is recognized as an oversimplification of a 
complex process. It is intended as an 
illustration only and is not for analytical 
dissection by purists. To satisfy the 
latter and to advance toward the true 
state of affairs, let each effect have three 
values instead of two. This creates an- 
other and smoother distribution, as shown 
in Fig. 3, approximated by the (a+b) 
expression. As this concept is carried 
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MAGNETIZED 


(0.950 CURRENT RATIO 


73.87% CURRENT TOTRIP 
(0.25). | PROBABILITY 


AMP CURRENT TO TRIP | 


CURRENT RATIO 
Cc 
PROBABILITY 


PROBABILITY 
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Fig. 2 (above). Distribution 
development 


Fig. 3 (right), Development 
of normal curve 


A= area under the 
normal 


Note: 


further, the influences become larger in 
number and the differences between 
“cells” which created the steps in the 
histogram become increasingly smaller. 
Finally, arrriving at reality where each 
effect manifests itself in almost limitless 
numbers of values, the discrete steps dis- 
appear and the distribution assumes the 
bell-shape curve. 

This is called the ‘normal curve of 
error” or the “normal.” In this curve, 
the probability of an occurrence p of a 
certain current value is plotted on the 
Y axis. The current values are plotted 
on the X axis. Each value p has a com- 
plementary value g, the probability of 
nonoccurrence of a certain value, where 
p+q=1. A curve so normalized is said 
to exhibit probability density, indic- 
ative of the degree of probability that 
each current value has of occurring. This 
concept is linked to practical applica- 
tions by considering the sample n. The 
probability that a certain current value 
will occur is 


P,=pn 


Obviously, the probability of all values to 
appear is 1. Thus the area under the 
curve represents probability. 

The shape of the normal is fixed by 
mathematical expression.’ It approaches 
symmetry in large samples. The axis 
of symmetry intercepts the X axis at X, 
the arithmetic average of the individual 
sample values. The unit which expresses 
the distance a value X is distant from X is 
called the “standard deviation’’ s, where 
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ny 


Let X—X=x, the “variance” of in 
diviuals, then . 


s=V Sx2/n 
where S=sign of summation. 


Thus, taking s as a unit measure, an’ 
variance may be expressed as x/s. 
is valid from one distribution to another; 
regardless of differences in the magnitude 
of X or s, the only relating link being tt C 


to the normal. ; 

The areas under the normal extending 
from X to any chosen value of X, equa 
to x, are expressed in tables in the various 
references as «/s, as a percentage of the 
total area. Thus, having x/s, we may 
readily ascertain the probability which 
any value in a sample may have of oc 
curring in ¥—X interval. The practical 
application is based on the assumption 
that the sample is representative of 2 
larger group. This larger group is gem 
erally called the population, or universe. 
Therefore, within certain limits, an} 
quality of the sample may be inferred tc 
the population. The inference is made 
that if X has a chance p of occurring if 
the «/s interval in the sample, any valu 
similar to X in the population has a chan¢ 
— of occurring. 

Before proceeding, it must be realize 
that all the foregoing has been carefull 
stipulated as based on ‘“‘random’”’ occu 
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ses. ‘Thus, jamming of the spring and 
mnetization must have equally as much 
nee of occurring as of not occurring. 
1, it is important that there is no 
aS,” i.e., a shift in the operation pa- 
1eter by a constant, extraneous force. 
illustrate, consider the influence of 
reasing temperature caused by solenoid 
ting during a test. As a result of 
ting, electrical sensitivity shifts grad- 
ly, and the relay mechanism may 
ge friction constants. Thus, the 
a no longer conform to the mathe- 
tical basis of simple statistics. Fig. 
‘ illustrates the operation of the relay, 
the individual operating currents 
tted about a central (time) axis and 
n grouped to be presented in a histo- 
m at the end of the test. This run 
s made with the relay permitted to cool 
between successive operations. In 
itradistinction, when the total action 
a series of operations in quick suc- 
sion, by heating, inclines the central 
is, a distribution is generated which 
s only a remote relationship to a bi- 
mial distribution; see Fig. 4(B). In 
neral, relatively large samples of the 
id discussed here will approximate the 
rmal curve. The distribution illus- 
ited in Fig. 4(B) is said to be ‘‘skewed.”’ 
any skewed distributions appear, they 
ould serve as “red flags.’ Before 
ocessing apparently skewed distribu- 
ms, a mathematical routine should be 
iployed to define their divergence from 
e normal. However, it should be 
finitely ascertained that this skew- 
ss is the result of the normal operation 
the test specimen and not introduced 
- error. 
Assuming that the data of Table I are 
cepted as statistically normal and are 
ocessed as shown, it is necessary to 
tain the elements which correlate with 
e normal distribution. The first ele- 
ent is the arithmetic average X and the 
dividual variances x. The root-mean- 
uare value of these variances yields s 
he o, or standard deviation). The area 
ider that portion of the curve which is 
us and minus s from X is equal to 0.683 
the total area under the curve (Fig. 5). 
his amounts to saying that approxi- 
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mately 68% of all values should be found 
equal to X¥+s. Thus, in the relay under 
test, where the average is 4.35 amp and 
the standard deviation is 0.12 amp, 68% 
of 20 values should lie between 4.35 amp 
+£0.12 amp, or 4.23 and 4.47 amp. Ac- 
tually, 75% fall into this interval. Sim- 
ilarly, 95% of the data should be in the 
interval of X-+2s, or 4.11 to 4.59 amp. 
This holds true in the sample. Finally, 
all values should be within the range of 
X plus and minus 8s, or 3.99 to 4.71 amp. 
This also is borne out in the sample. The 
discrepancy at the ‘‘one sigma level’? may 
be due to rounding off, as several values 
are very close to the critical value and 
could be ‘‘persuaded” to join the other 
group if closer reading and less rounding 
off were practiced. This degree of ac- 
curacy is commonplace, however, and 
need not concern us. 

Had there been a value greater than X 
plus or minus 3s it would have been viewed 
with suspicion. Values beyond the ‘‘three 
sigma limit,’’ to name the common term, 
may be generated by test error, computa- 
tion error, or a distribution which is not 
normal. The term ‘‘maverick”’ is usually 
tacked on to such a value. 

Under this term, statisticians group all 
values which are unexplainable and are 
tempted to neglect the embarrassing 
intruder. Ina science where everything 
is explained methodically and along purely 
mathematical lines, the presence of a 
maverick requires deliberate action. To 
grant the maverick status as a true rela- 
tive would upset the statistical soundness 
of the data collected. To deny the 
maverick its position requires an explana- 
tion, involving the observational and 
computational competence of the statisti- 
cian. The disposition of mavericks is 
not a statistical exercise, but a task re- 
quiring knowledge of the specimen and 
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Table 1. Observations and Computations 
Observation Computations 
xX, Amp X X10-2 (X1072)2 
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mp 
ue ee 0.027 an 
n 20 
the test. There is no maverick present 


in the example, so we will proceed. 

While this sample is composed of 20 
operations, it cannot be offered as repre- 
sentative of the conditions which would 
prevail if an infinite number of 20-opera- 
tion samples were drawn. Results for an 
infinite number of samples would resemble 
results for this sample, but the likelihood 
exists of acquiring individuals with ex- 
treme readings. This likelihood is ob- 
viously equally as great at the upper as at" 
the lower limit. Hence, as compared with 
the limited sample distribution, a uni- 
verse distribution will broaden out. 
There is very little one may do now to 
ascertain the relation of the sample 
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— Prototype ) 
X, =4.35 amp 
$s, =0.12 amp 
s;/ =0.122 amp 
sx,=0.027 amp 
——-— Production Unit ; n=20 
X_ =4.39 amp 
se =0.107 amp 
so =0.111 amp 


Sx,=0.025 amp 


Fig. 6. Comparison of two samples, histogram 


average to the universe average. We are 
limited to the statement that the sample 
average is the best estimate obtainable. 

The sample deviation and the sample 
size are the determinants of the universe 
deviation s’. An estimate of s’ may be 
made by considering that the likelihood of 
larger values in the universe than in the 
sample is a function of the magnitude of 
the variations in the sample and an inverse 
function of the sample size, or more 
correctly of the degrees of freedom ex- 
isting in the sample. Thus 


aie Sac? 
n—1 


where S is the sign of summation and x 
denotes the individual variances. This 
yields an estimate of 0.122 amp for s’ for 
the sample considered. Where the sam- 
ple is expected to range from 3.99 to 4.71 
amp, the universe may range from 3.98 
to 4.72 amp. The reason for the small 
difference lies in the size of the sample and 
the good statistical normalcy. With a 
sample of smaller size, the multiplier 
exerts a much more pronounced effect, 
and with greater values of x a similar 
result occurs. In general, a sample size 
of 20 is rarely corrected for universe value. 

Further confusion is precipitated by 
taking more samples, and particularly 
samples from a universe which may be 
somewhat different from that of the sam- 
ple already taken. What then would be 
the nature of these new samples? Nat- 
urally there will be a variation in sample 
averages and ranges. The degree of 
variation between preceding and new 
samples is a function of the sample size 
both of the original and the new one, 
and of the variation noted in both. The 
degree to which samples will vary can be 
computed with two dimensions defining 
a normal sample. 

First, there is the variation of average 
value of samples. This variation is the 
standard error of sample averages Sy 
where 


or a sample of 20 operations and a universe 
standard deviation of 0.122 amp, sy= 
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0.0272 amp. Second, the standard devia- 
tion of the sample standard deviation Ss 
also will vary from sample to sample, 
where 


For a sample of 20 and a universe devia- 
tion of 0.122 amp, s;=0.019 ampere. 
Thus a definite dimensional limitation has 
been set to an uncertainty: Sample aver- 
ages will vary by plus and minus 35y 
and standard deviations by plus and minus 
3s,. In numerical terms, the sample 
average of 4.85 amp ranges from 4.43- 
4.26 amperes. Simultaneously and in- 
dependently, the standard deviation of 
0.12 amp ranges from 0.177—-0.063 amp. 
However, the important dimension of 
probability is still missing: The prob- 
ability of occurrence is greater for the 
intermediate values than for the extremes 
of the range. This again introduces the 
concept of distribution. 

An example of the practical use follows. 
Assume that the previously described 
relay were accepted as a prototype. A 
subsequent unit is then submitted as 
representative of production. It would 
be the laboratory’s responsibility to deter- 
mine relative quality. Basically then, 
it must be determined whether the proto- 
type and the production unit are from the 
same universe. A universe may be de- 
fined in terms of average value, the type of 
distribution and the spread of values. 
Once it is assumed that the distribution of 
the test values is normal, then the value 
X’ and the deviation s’ uniquely define 
the universe. If two samples are taken 
from the universe, their individual aver- 
ages X, and X2 as well as the deviations 5; 
and s, should bear a certain relationship. 

This relationship is rarely clear-out, 
but resides in a grey area between total 
and zero affinity. The exact degree of 
relationship is estimated on the basis of 
the sample statistics. In the present 
case, the significance of a difference be- 
tween averages of two samples is inversely 
proportional to the magnitude of the 
deviations existing in the samples. Sim- 
ilarly, the difference between individual 
deviations has significance only in terms 
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of the magnitude of the universe deviz 
tion. To illustrate, note Fig. 6, in whic 
the basic difference between the two san 
ples is plotted, and numerical values a : 
indicated. On the surface there seem : 
be little difference between the two item: 
It is the mission of statistics to redu¢ 
this superficial similarity and substituy 
for it an estimate couched in definitivi 
numerical terms. 

This is accomplished as follows: 
difference between such sample averag 
is expressed in terms of the degree to wk : 


sample averages vary normally 
picked at random, ie., in terms of t 
standard error of sample averages. — 
interaction of the two individual stand 
errors (Fig. 6) gives rise to the standai 
error of sample differences sx, x2 where ? 


/0.0272+-0.0252 ? 
= 0.037 ant 


Sy, = VSxP 459? = 


The value of 0.037 amp is a measu 
used to assess the difference between tw 
sample averages, where i 


\ 


Sa St i 
| 
The ratio x/s expresses the difference b 
tween two averages in terms of the stana 
ard errors of the sample averages. Th! 
probability that a certain value of ; 4 
occurs in a given sample size is expres 
in the ¢ distribution (Fig. 7). Note i 
for a large value of x/s, ie., one ger : 
erated by a large difference between sam 
ple averages or by a small deviation vah 
in the samples concerned, there is rele 
tively little chance that two samples an 
derived from the same universe. Thi 
converse is also true. q 
In the present case, where x/s is equa 
to 1.1, there are 27 chances out of 100 tha 
the difference is accidental. This 4 
general would not be accepted as indica 
tive of a significant difference. It illus 
trates a misconception which has plague: 


P . 
0.90 
4 
t DISTRIBUTION FOR N225_ 
q 
0.50 ! 
0:27 Sa | 
| : 
| | 
0.10 | 
F 
ie) 0.5 1.0 LI 1.5 2.0 : 

x 

S 


Fig. 7. t distribution 
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wtisticians for some time, that statistics 
a substitute for decision-making. Here 
decision was made for us, and it would 
2m to follow that statistics are useless. 
1e View opposed to this summary dis- 
issal holds that statistics furnish clues 
ily in most cases. The clues given in 
e present case warrant us to decide that 
ere might be some change in the mean 
erating point of the relay, and if so, 
iat the change is not of significant 
agnitude. 

There still remains a question with 
gard to the variations in the trip point. 
he particular question may be phrased 
3 follows: To what degree is the proto- 
cm standard deviation of 0.12 amp 
lated to the corresponding value of 0.11 
mp of the production unit? 

The probability of the occurrence of a 
ertain numerical ratio between two 
ample deviations is predicted by the F 
istribution. Essentially, this is a family 
f curves, with one curve to each sample 
ize. The individual curve correlates 
he numerical value of the ratio between 
he sample deviations, the independent 
ariable, with the dependent variable, the 
robability that such a difference occurs 
ecidentally. The value of F together 
vith the degree of freedom existing in the 
amples is symbolized by Fry’,n’, and 
xpresses the affinity between the uni- 
rerse deviations of the two relays under 
‘onsideration as 


Sin \s 
Fann (2) 1 es 


Fig. 8 shows the location of the F value 
senerated by the prototype deviation and 
the production type deviation as 1.21. 
A value of F=2 would have given a chance 
of only 5 in 100 that the value is acciden- 
tal, according to published tables, which 
do not extend below this value.? There- 
fore, estimating from an extrapolation, 
there are about ten chances in one hun- 
dred that the values of deviation have a 
common universe. Conversely, then, 
there is a difference! Since the deviation 
is smaller for the production unit, the 


Fig. 8. F distribution 
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latter can be said to be an improvement 
over the prototype unit. 


SAMPLING PLANS 


We have demonstrated the relationship 
between the universe and a sample, or 
the relationship between two samples. 
This relationship furnishes the basis for 
the various sampling plans. A sampling 
plan is a procedure designed with a spe- 
cific product and quality level in mind. 
The procedure is set up with the aim to 
employ a minimum of computation at the 
point of sampling, to reduce the number 
of samples to a minimum and to permit 
sampling at a relatively low level of skill. 

The result of the sampling plan is a 
quantitative comparison between an un- 
known specimen and the quality level 
demanded of a particular product. Sam- 
pling usually proceeds by establishing 
whether a specimen does, or does not, 
operate within acceptable statistical lim- 
its. The result of the sampling, then, 
is a classification of the specimen as 
either acceptable or not acceptable. 

The preceding case of the overload 
breaker will illustrate a sampling plan. 
To repeat the original specification, the 
relay is required to operate in the range 
of from 3.9 to 4.7amp. To state that no 
single instance ‘“‘ever’’ shall occur where 
the relay may operate outside this range 
is to remove the problem from the realm of 
present technology. The ever implies 
infinite reliability which simply does 
not exist. The ever is usually mod- 
ified to a phase like ‘‘within a reason- 
able number of operations.” This is an 
evasion of responsibility against the hope 
that a statistician will ‘“‘pick up the ball” 
and assign a number to the word “‘reason- 
able.” But this is not a statistical task! 
It is, certainly, the task of a systems en- 
gineer who knows the degree of reliability 
required of each part to obtain an over- 
all reliability from his system. After, 
and only after, this expert has assigned 
the level of reliability expected, can a 
sampling plan be executed. An ideal in- 
put to the statistician would then be: 
“This relay is to operate between 3.9 and 
4.7 amp in 997 out of 1,000 cases!” 

At this juncture, the differentiation be- 
tween “quality” and “reliability” may be 
mentioned. For the purpose of this 
paper, it may be defined in these terms: 
So far we have dealt with quality, which 
expresses performance in arbitrary ab- 
stract terms. Distinct from this is 
reliability which uses the abstract quality 
data and applies them against the level of 
performance as required of the object 
in use. The resultant expression is one 
which predicts the degree to which the 
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quality of the part will allow it to fulfill 
its mission in the field, or how ‘“‘reliable” 
it is. In most cases, the mission is ex- 
pressed in terms of the probability of 
failure within a certain number of opera- 
tions, or failure within a certain time 
span. This subject is not intended to be 
dealt within in detail. Reference 7 gives 
an excellent treatment of this item. 

The first step in establishing a sampling 
plan is to question the ability of the item 
to meet specifications. In the present case, 
the prototype obviously cannot meet 
specifications, because in the sample of 20 
operations, with a mean value of 4.35 
amp and a deviation of 0.12 amp, the 
three sigma limits are 3.99 and 4.71 amp. 
The latter value is above specification. 
The subsequent production unit appears 
equally unacceptable. Where time is 
available, the testing of further units is 
recommended. However, posing the 
usual condition that this is a “‘fire drill” 
and that better units are expected later, 
for the time being, the requirement is 
assumed to be the universe of 3.9-4.7 amp. 

The plan is then to set up such limits 
for the acceptance test that those not 
conforming to the required universe are 
rejected. Assuming that we wish to use 
10 test operations as the acceptance test, 
as a compromise between economy and 
assurance, the test limits are derived as 
follows: The range permitted is 3.9-4.7 
amp, putting the objective average Xp= 
43 amp. Referring to Fig. 10, the objec- 
tive average is set up as the center line. 
The standard error of sample averages sx, 
operating on X, has a normal distribution. 
Therefore, the extreme limits of high and 
low between which action occurs, i.e., the 


Action Limits of Sample Averages 
=X43sx (1) 


where 


sxy=—> 

xX /n 
As s’ cannot be ascertained, it will be esti- 
mated as 


where $ is the average of the deviations of 
samples of 10, and K is a multiplier to 
correct for sample size, given in equation 2 
as equal to 1.084. Equation 1 by sub- 
stituting the foregoing becomes 


Action Limit of Sample Averages 


ae 1.0845 
ie 347 


= X,+1.026s (2) 


The extreme limits of averages of equa- 
tion 2 are of interest. They are created 
by exceptionally high or low individuals 
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in the sample of 10 operations. These in- 
dividuals are three standard deviations 
from the sample average X. Thus, the 
limits in terms of individual values may 
be approximated as 


Approximate Limit of Individuals = ¥+3s 


where S is the still unknown standard de- 
viation, which is estimated as equal to 
the sample deviation average 5, or 


(3) 


The greatest magnitude s may attain 
by chance variation is determined by its 
variability in the universe. This vari- 
ability is the standard error of sample 
standard deviations s,; and 


s=5 


oo Se 7 1034s) 


eee tee 2 4D 
Win Ban 20 x 


Thus, the limits to which s may vary can 
be expressed as 


(4) 


Ss 


Action Limit of Sample Deviations 
=S=E38s5 
=5+3(0.242s) 


= 1.726s and 0.274s (5) 


The limits of individuals in a sample 
may be estimated by combining equa- 
tions 3 and 5 to yield 


Limit of Individuals= %+3(1.726s) (6) 


This represents the extreme value of an 
observation, when by chance, the maxi- 
mum values of the sample deviation, the 
standard deviation of the sample stand- 
ard deviation and the standard error co- 
incide. 

Since equation 6 gives a general ex- 
pression for determining the limits in a 
universe, we set X to the extreme values 


x! 


Xp 


Xp +3sx es 
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Fig. 9. Action limits 
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of equation 2. Then by combining equa- 
tions 2 and 6 as 


Limits of Individuals x 
SS Noss 1.0265+3(1.726s) 


Setting, as before, s=5, then 
(7) 


Referring to Fig. 9 it may be seen that 
equation 7 includes the range of from 3.9- 
4.7 amp, Therefore, so that this range 
may not be exceeded in general operation, 
in sampling with 10 operations the stand- 
ard deviation of any sample must be 
equal to, or be smaller than 


Limits of Individuals= X)+6.214s 


6.214s =0.4 amp 
s=0.0644 amp 


Therefore, in taking samples of 10 when 
the average is 4.3 amp, no greater range 
than 6s=0.38 must appear in the sample. 
The foregoing demonstration has been 
given, principally, for the purpose of 
showing the factors involved. The set- 
ting up of sampling plans is considerably 
simplified by using equation 5 or any 
similar reference. 

Nothing yet has been said as to the 
probability of occurrence of the condi- 
tions of equation 6. The probability can 
be estimated as follows: First, note that 
three items are involved in arriving at 
equation 6: the standard error of sample 
averages, the standard deviation of the 
sample standard deviation, and the sam- 
ple deviations. In each case, they were 
assumed to operate over the entire prob- 
ability range, from -+3 sigma to —3 sigma. 
In a normal distribution the area of 


(A) 
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Fig. 10. Estimating equation 
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Table Il. Potentiometer Test Data 


Resistance, Ohms = Y 


Position Nominal, Actual, Estimated, 
In. X Yp Y Ye Xx 


Oeste Om 1.5... '3.6....92me 
Ober 75... 170.2 13.8) 
1sOueeeiee 150....152.6....153.9.... 41m 
15 ee 225.....228.0....229.1... iain 
2. oa hee 300....813.7....304.2....—Gle 
2 Diab D 375....379.3....879.4....-- OM 
SiO) somstos 450....451.8..,.454.5....4+217 
Me ae 525....530.2....529.7....—Ome 
4: 0\- ee. 600....606.0....604.8....—12 
ee Rae 675....681.4....608.0.... — Ime 
5 Oe 750)... 750/00 a0. 75D dic eee 

SX =27.5 SY =4,173.0 

Sx2=96.25 Sx2=38 


Ye=3.6136+150.3X 


nS a|S2=3.37 ohms 
n 


the normal. over +3s is set at 0.997, 
Therefore, the chance that action occurs } 
beyond the three sigma limit is 1—0.997= ~ 
0.003. Thus, three probabilities of mag- - 
nitude 0.003 result in a total probability 
of 0.003%. 

This is a very low degree of probability 
It would, perhaps, be very fine to ha 
the level of reliability implied by 
low order of probability, but it also would 
be a very great economic burden. It is 
up to the engineer to set his requirement 0: 
reliability correctly, knowing that even 
as low a factor as 10~! will involved eco- 
nomic penalties, in that fewer units will | 
be found acceptable than in a higher order, 


ln Y 


—_——_— i =“ - S=3.37 


3) 
POSITION , INCHES 
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ie total probability. Thus the operat- 
ig level is set on a probability require- 
ent 0.003, assumed to conform to the 
liability requirement of the part in 
peration. Since there are three factors 
ivolved, then 


1 t P2P3 = 0.003 


nd since each factor has an equal likeli- 
ood of contributing to the total prob- 
bility 


= 34/0.003 =0.14 


‘his indicates that instead of carrying all 
onsiderations to the three sigma limit, 
- would be permissible to operate at the 
.2 sigma limit—which corresponds to 
n area of 0.14 under one ‘‘tail’” of the 
robability curve, ie., 14% of the total 
rea. 


Yemonstration of Correlation 


The preceding demonstration was con- 
erned with the variability of the depend- 
nt variable, where it was held constant, 
r essentially so. In the following de- 
cription the independent variable does 
‘ary as a normal function of its operation. 
“he requirement is to set up a correla- 
ion between the variations of the depen- 
lent and the independent variable. In 
ervomechanisms it is becoming in- 
reasingly important to ascertain the 
esponse of the system. The response, in 
implest terms, is the correlation of input 
o output. 

In the case to be discussed, the input 
onsists of the 5-inch linear movement of 
. linkage element. The mechanism 
otates the arm of a potentiometer. The 
esistance of the potentiometer is the out- 
uit. Normally, the potentiometer is a 
50-ohm total resistance type. The link- 
ge, ideally, should not introduce any 
rror and should be ‘‘set’’ so that at 0.0 
nch, zero resistance will be shown in 
he output. The input X to output Yp 
elationship can therefore be expressed 
$ 


7p = 150X (8) 


Jowever, on testing this device the first 
un yields the values shown in Table II. 
“here is a definite discrepancy between 
deal and actual conditions. 

As a first approximation, it is assumed 
hat the output is straight line function 
f the input; therefore, the line will have 
he form 


7=a+bX (9) 


ince this sample consists of 11 observa- 
ions, each of which is believed to be 
xpressable in general terms by equation 
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9, the average of 7 observations may be 
expressed as 


SY=na+bSX (10) 


where S is the sign of summation. 

By this means, an equation line is 
described and so situated that positive and 
negative variations of Yare equal. How- 
ever, this condition could be satisfied also 
by a line with a slope not necessarily pass- 
ing through the center of gyration of all 
readings. To accomplish this it is neces- 
sary to plot the curve in accordance with 
the Law of Least Squares. This will 
assure us that with this line equation 
the smallest sum of squares of deviations 
of Y will be produced in comparison with 
any other straight line equation. The 
expression is, at one value each for a 
and 6 


SX Y=aSX +bSX? (11) 


This condition, of course, also satisfies 
equation 10. However, to reach a solu- 
tion, it is necessary to utilize both equa- 
tions in a simultaneous solution. There- 
fore, combining equations 10 and 11 and 
utilizing the values of Table II, the follow- 
ing simultaneous equation is set up 


4.173 = 1la+27.5b 


14.567 =27.5a+96.25b (12) 


This yields the estimated value Y;, the 
“estimating curve” 


Y,=3.6+150.3X (13) 


The significance of equation 13 lies in its 
unique definition of the most likely oper- 
ating center line Y, of this linkage-potenti- 
ometer combination. See Fig. 10(A). 
While this is very valuable, a more im- 
portant piece of knowledge concerns it- 
self with the degree to which the output 
of this device may be expected to vary 
in a large number of operations. 

To obtain the most likely operating 
point of the device for any one input, 
equation 13is used. This, note carefully, 
is the most likely point only. The likeli- 
hood of another value occurring depends 
upon the degree of dispersion which ex- 
isted, ie., the scatter of the points about 
the estimating line. To begin with, there 
is an appreciable difference between Y, 
and Vy», the objective line of operation. 
However, this is of much less importance 
than the scatter of the 11 measured values 
of Y,. See Fig. 10(B). The extent to 
which they differ from Y;, is an indication 
of the dispersion of this sample. This 
dispersion determines the probability of 
occurrence of larger values than the 
“‘most likely’’ value. 

Solving for Y, for each value of X, by 
means of equation 13, we obtain the best 
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estimate of Y. The difference between 
the estimated and the actual values, there- 
fore, is a measure of the dispersion. This 
is treated in a manner analogous to that 
previously discussed under sampling 
techniques—in terms of the standard 
deviations, standard errors, etc. The 
analogous operations are: 


s=V Sx2/n 
s=VS(X—X)?/n 
Corresponding) s=~/.S( Y,— Y)2/n 


Form for s=V(a+bX—Y,)2/n 
Correlations where Y=(f)X 


General Form} 


Referring again to Fig. 10(A), the three 
sigma limits are lines situated at a dis- 
tance of 3s above and below the esti- 
mating equation line Y,. It is within 
these limits that 99.7% of all values may 
be found. In the present case, where 
s=0.294 ohms as computed, but not 
shown here 


38s Limits= Y,+3s=3.6+150.3X £11.36 
14.99 


= 503 20-- 7.76 ohms 


Since this is for a sample of 11, any com- 
parison with other samples must make 
allowance for sample size, by the methods 
previously used, namely, expansion of s 
to s’ and the application of sy equiva- 
lents. 


Conclusions 


The foregoing examples of three types 
of statistical evaluation have been selected 
to give an appreciation of the scope 
of application. In statistical terms, 
with only a small sample demonstrating 
such a wide range of application, is it not 
reasonable to suppose that the full ap- 
plication of statistics will open up still 
greater possibilities? It is hoped that this 
paper will have stimulated the reader to 
apply statistics and to reap the full benefit 
of the use of this art. 

To complete this short exposition a 
summary of the important points to con- 
sider when applying statistical analyses 
follow: 


1. Data can be processed by statistical 
means, whether on the basis of attributes 
or measurements. In either case, however, 
there must be no bias and the influences 
which cause variations in the measurements 
or attributes must operate by chance. 


2. Inferences formed about a population 
must be tempered in terms of the sample 
size. 


3. The critical examination of data, as to 
their. fitness for processing, is an exercise 
of judgment far more important than the 
mere arithmetical processes which grind 
out answers. It is in this phase of the work 
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that the most discriminating abilities are in 
demand. 


In closing, let us confirm our belief that 
diligent application of the above points, 
coupled with a willingness to undertake a 
relatively new approach, will produce 
better and more easily understood data— 
with less effort. 


Appendix. Glossary and 
Formulas 


Listing follows the sequence of appearance 
in the test 


sample=a randomly selected group of 
observations representative of a larger 
group 

X=numerical value of one observation, 
with numerical subscripts denoting 
the different members of the sample 

n=number of observations in a sample 

S=sign of summation 

X =sample average, X =SX/n 

x = deviation of a single observation from the 
average of a sample, sign disregarded, 


x= X —X ve 

dr dees, Sx? 

s=standard deviation in a sample, s = @/— 
nN 

s’=universe standard deviation, where 


“universe” denotes a group of ex- 
tremely large size. Universe values 


are denoted by the superscript 
apostrophe. The true value is 
usually unknown and formulas 
furnish an approximation only, 


pals 

n—1 

Ss =standard deviation of sample averages, 
generally called the “standard error’’, 


s! 


Se ered 
D5. 

s;=standard deviation of sample standard 
deviations, generally called the stand- 
ard error of sample standard devia- 


Wes 


s! 
tions, Ss= Ae 
2n 


S¥,- x2 = Standard deviation of the difference 

between sample averages, Sy, y,= 

v SX - ae ae 

x/s=standard measure, expressing the de- 
viation of an observation from the 
average value of a sample in terms 
of the Standard Deviation in that 
sample. x need not necessarily be 
from the sample represented by s, 


XxX —X 


x/s= 


.n'=degrees of freedom within a sample, 


n'=n—1 

Fn'in’s=estimated population standard 
deviation of one sample as compared 
with similar parameter of another 
sample, 


Exciter Armature Reaction and Excitation 


Requirements in a Brushless Rotating- 
Rectifier Aircraft Alternator 


W. J. SHILLING 


ASSOCIATE MEMBER AIEE 


N MODERN high-speed high-altitude 
aircraft, commutation and brush wear 
become critical problems in the exciters 
of synchronous a-c generators. To over- 
come these problems, brushless rotating- 
rectifier a-c generators have been de- 
veloped.'? In this type of machine, the 
commutator and brushes are completely 
eliminated, along with their associated 
problems. The design engineer, however, 
is faced with a new problem. He must 
design an exciter which is an a-c generator 
loaded by a rotating rectifier feeding a 
highly inductive load: the main generator 
rotating field. The rectifier acts some- 
what as a rotating switch, switching the 
load current from one phase to the other. 
The nonlinear load then presents design 
problems: What is the effect of this load 
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on exciter armature reaction, terminal 
voltage, and power factor? The purpose 
of this paper is to answer this question. A 
method of calculation is outlined to con- 
vert a given d-c rectifier load to an equiv- 
alent a-c load. With the equivalent a-c 
load known, the generator designer can 
use conventional formulae to design an 
optimum exciter and regulator system for 
a given application. 


Discussion 


Fig. 1 shows a schematic diagram of the 
basic circuit for a brushless rotating- 
rectifier type generator. It is seen that 
the exciter is basically an a-c generator 
feeding a highly inductive load by means 
of a rotating rectifier. Fig, 2 shows the 
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‘Rutherford. Pittman Publishing Corporation, } 


2 
Fry! n'2= Se 
S2 


Xp=objective average; the mean val 
about which individual values ¢ 
expected to group themselves 

S5=average of Sample Standard Deviatio 
= OS 
j=— 

nN 
P=probability of the occurrence of 


4 
is 


_ Probability of occurrence 

Probability of nonoccurrence 

Y,=computed value of Y, where Y= 
and Y, is an estimate of Y 
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circuit for the basic problem. Severai 
properties of the basic circuit will be con: 
sidered as follows: Z| 

, 


1. Because of the action of the rectifier, t 
load will only ‘‘see’’ the largest instantaneon 1 
terminal voltage of the alternator (reduce 
by the voltage drop through the rectifier), | 
2. Only the phases contributing to tk 
largest terminal voltage will carry current. 


8. Because of inductance in each phas 
it is not possible for the load current to shift 
instantaneously from one phase to another 
Thus, there is a transition period, or cot 
mutation period, where two phases act | 


load current. 


4, The inductance of the load will tend tc 
keep the load current constant. | 


The basic problem, then, is to deter 
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presentation at the AIEE Pacific General Meetit 
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MAIN 
EXCITER ROTATING eal 
MAIN, ARMATURE _ RECTIFIER ets 


IELD | 


e current required by the field, in Fig. 
to establish a given load current, J,. 
It is necessary to make certain assump- 
ms as follows: 


Rectifier cells have infinite resistance 
their reverse direction. 


The forward resistance of a cell is equal 
the maximum forward voltage drop of the 
ctifier cell divided by the maximum cell 
rent for a given load condition. 


The inductance of the rectifier load is so 
rge that it “‘swamps” any inclination for 
e load current to change during load volt- 
re variations such as might be due to com- 
utation. 


The per-phase generated voltage is 
nusoidal with no harmonics. 


Kapn=0 for n>5 (see Appendix V). 


1 regard to assumption 2, it is realized 
lat semiconductors tend to have constant 
ward voltage drop’ instead of constant 
rward resistance under various load 
ynditions. However, to facilitate 
athematical analysis, assumption 2 was 
sed. Fig. 3 shows the rotating rectifier 
ad current in a 40-kva aircraft generator 
nder fullload conditions. Itisseen that 
sumption 3seemsreasonable. Assump- 
on 4 is true if the effective generator 
-c exciter) field form is sinusoidal and 
ie effective armature reaction contains 
aly the fundamental space and time 
armonics. Pitch and distribution fac- 
rs in the generator tend to make the 
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| oF Fig. 


Fig. 1 (left). <I 
Basic circuit of 
brushless genera- Lp 
tors 
ue b PHASE R. 
Ty) 
n” 
ES 
MAIN 
T. FIELD = D 
y) Fig. 2 (right). OF = OR MAIN 
vite Fi EXCITER 
Circuit of basic ALTERNATOR) 


problem 


higher space harmonics in the field form 
and armature reaction ineffective. It will 
be shown later (Appendix IV) that be- 
cause of the rectifier load, 5th and 7th time 
harmonics are generated by the armature 
reaction. These time harmonics rotate 
relative to the stator and thus are damp- 
ened by the (a-c exciter) field winding and 
any damper bars in the exciter pole face. 
Thus, in the usual case where pitch and 
distribution factors are operating and 
damping is effective, assumption 4 seems 
reasonable. 

Looking at Fig. 2, itis first assumed that 
L, r, and the rectifier resistance are 
negligible. In this case the load (main 
rotating field) will see the maximum 
generated voltage of the exciter. Also, 
only those two phases contributing to this 
voltage will carry the load current. Thus, 
for any given time two phases carry cur- 
rent and one does not, and as a result, 
every phase must then carry the load 
current two-thirds of the time. Also, 
because of assumption 3, the current will 
be constant and equal to the load current. 
These ideas are summarized in Fig. 4. 

In general, however, the phase current 
cannot change to the load current value 
instantaneously because of inductance in 
the phase. Also, because of the IR 
(current resistance) drop in the phase, 
the terminal voltage of the unloaded 
phase becomes equal to the terminal volt- 


Fig. 3 (left). 
Rotating rectifier 
load current in a 
40-kva generator 


| 
| 
| 
| 


4 (right). 
Voltage and cur- 
rent relationship 
in C phase as- 
suming L and r 
are _ negligible 


VOLTS OR AMPERES 
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age of the loaded phase sooner than would 
take place if the IR drop were negligible. 
At this time, then, the unloaded phase 
starts to take part of the load current. In 
effect, the two phases act in parallel with 
the load current, gradually shifting to the 
initially unloaded phase until this phase 
completely takes the current. This 
period of time, when the two phases act 
in parallel, will be referred to as “Com- 
mutation Period.” 

Fig. 4 may now be modified as shown in 
Fig. 5 to show the effect of inductance and 
resistance. (The dashed curve in Fig. 5 
indicates the phase current when L and 
r were neglected.) 

It is now desirable to analyze the effect 
of commutation. During commutation 
of c phase with b phase, the two terminal 
voltages, @z and em’, are equal to each 


other. See list of symbols in Appendix 
V. 
Thus 
€1b = Cte 
or 
di¢ diy 

Cge—ter’ —L res tor Bene: 

" “ UY diy 
€ge—Cgd = ter’ — tor’ +L rene Fe 


From assumption 3 


y=Tp—t%c 
din _ fie 
det ra 
or 


ay BAS pall if 
€ge— gb = (2ie—I 1)’ +2L on 


The previous equation is solved in 
Appendix I for i. The solution is ex- 
pressed as a decimal fraction of the load 


URRENT IN Li 


VOLTS VOLTAGE 
PHASE C VOLTAG 
VOLTS PHASE C RELATIONSHIP 
150° 
395 


CURRENT RELATIVE TO MAX. 


> 30 60 90 120 150 180 210 


DEGREES 


Fig. 5. Calculated exciter armature current 
for a 40-kva generator where L and r’ are 
considered 


current. This solution applies only dur- 
ing commutation and is 


2 =0,5(1—e-P/) + 
Ty, 
K{e-8/"sin (6’— a) +sin (8—0’+a)} 


When phase ¢ is carrying current but is 
not commutating, then it is carrying all 
the load current and 7,=/,. Therefore, 
the equation for 7,/Z, applies from time 
t=0 until 7,=Z7,. It is also noted that 
when 7% commutates with z,, #+2,=T,. 

In the equation for z,/J,, two constants, 
M and K, define the equation as a func- 
tion of time, 8. The firing angle, a (see 
Fig. 5), and impedance angle, 6’, are 
defined when M and K are known. Fig. 
5 shows the calculated current wave 
shape for an exciter of a 40-kva oil-cooled 
generator. Since the per-phase current 
has now been expressed in terms of time, 
it is next possible to determine armature 
reaction. 


Armature Reaction 
The mmf (magnetomotive force) wave 


for an a-c winding is determined through 
the use of the Fourier series‘ for an arma- 


396 


ture current varying sinusoidally with 
time. In this deviation each phase is 
handled separately first. 

Thus 


phase A =constant X 

I sin wi( Kap cos pA cos 36+ ) 
phase B=constant XJ sin (wt—120)X 

| Kes cos (@— 120) = cos 36+ | 
phase C=constant XJ sin (wt—240)X 


K, 
| Ken cos (9240) === cos 30-++ x 


where 


6=position on the armature in electrical 
degrees 


The three expressions are then added 
together and the armature mmf obtained 
as a function of both position on the arma- 
ture and time. The effect of the rectifier 
load is to introduce time harmonics into 
the armature current as shown in Appen- 
dix III. By introducing the new ex- 
pression for the current, it is again possible 
to obtain the armature mmf as a function 
of position on the armature and as a func- 
tion of time. This has been done in 
Appendix IV. The fundamental mmf 
(in time) which is stationary with respect 
to the pole is shown in the appendix to 
be 
ampere-turns 


=M,=0.9X 
pole 


3 
0.7077 ,Neqa "Kap 2 


where ay’ is the maximum amplitude for 
the fundamental per-phase current. The 
value of a,’ can be found using formulas 
derived in Appendix III. 


Fig. 6 (left), 
Exciter field cur- 
rent with battery 
excitation show- 
ing 6th harmonic 
ripple 


Fig. 8 (right), 
Volts across a 
rectifier diode 
for a 40-kva gen- 
_ erator at full load 
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RECTIFIER LOAD VOLTS 


TIMES 


Ss 


yg Nt th 


Fig. 7. Calculated rectifier load voltage 
‘for a 40-kva generator at full load 


0 hae ee 


It is also shown in Appendix IV 
there is a 6th harmonic reaction relat 
to the poles. This harmonic is also ¢ 
cussed in a previous paper.! Its ef 
on exciter field current for a 40-kva ge i 
erator is shown in Fig. 6. ‘ 


Voltage Wave Shape 


Knowing the current wave shape, i 
is possible to determine the load-voltags 
wave shape. This is accomplished bp 
taking the generated voltage in a loadee 
phase and subtracting the IR drop, L dij 
di, and rectifier cell drop. Assumption - 
of sinusoidal generated voltage simplifi 
the calculation. In Appendix IT the loa 
voltage wave shape is determined. B¥ 
integrating the expression for load volt 
age, it is possible to determine an equa: 
tion to calculate the average load voltage 
equation 29 then results. 

The rotating-rectifier load-voltage wav 
shape was calculated at full load for < 
40-kva oil-cooled brushless generat q 
using the method shown in Appendix IT 
The calculated wave shape is shown iti 
Fig. 7. (Time proceeds from left to ri 
to agree with the oscilloscope Fig. 8. 
An oscilloscope picture was also taken 0: 


eae - | 
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rectifier diode voltage in this machine 
dis shown in Fig.8. When the diode is 
nducting, its voltage drop is just the 
‘ward voltage drop of the cell. Its con- 
ction period is 120 degrees +y. In 
. 8, the conduction period appears to 
sot 180 degrees by observing the 
o voltage line. This indicates a com- 
utation period, y, of about 60 degrees. 
1s compares with a calculated com- 
utation period of 44 degrees. In the 
Iculation, the direct-axis subtransient 
ce: Xq", was used for X;, because 
the short time over which commutation 
kes place. (In the machines tested 
ere were no damper bars, thus X,” 
ualled Xq’.) When the diode is not 
nducting, the rectifier load voltage is 
en. This voltage wave shape can then 
+ compared with Fig. 7. The difference 
the load voltage wave shape in Figs. 7 
id 8 is apparently due to assumptions 
ade in the specific calculation as well as 
ie theory. For example, the tempera- 
re of the rotating exciter armature re- 
stance was assumed since determination 
y test was too difficult. 


ector Diagram 


Although the fundamental armature 
action mmf has been determined, there 
e still two things to consider in order to 
stermine the effect this mmf has on the 
Id of the machine. One thing is the 
fect of a nonuniform airgap in the salient- 
jle machine. In determining the mmf 
action, a uniform air gap was assumed. 
his effect requires a modification of the 
juation for armature reaction. The 
her thing to consider is where the arma- 
ire mimf is relative to the pole. The 
tter item is determined by a vector 
agram which will be described shortly. 
he quadrature and direct axis mmf’s are 
follows: For the direct axis 


os CaM, sin Y= CgX0.9X0.707I 7 Neg 5x 
a,’ Xsin y 

or the quadrature axis 

I 3 

-= CM cos Y= Cy X0.9 X0.7071 Neg a 
a,’ Xcos py 


“VOLTS FOR NI/P=MgCq B 1 


A 


Ne30+ X+T, 


foals POLE 
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where Cq and C, are constants depending 
on the pole embrace and are defined under 
symbols. y is the angle between the 
armature current and voltage, Ey; see 
Fig. 9. 

In the vector diagram the per-phase 
and rms values of currents and generated 
voltages will be considered in the con- 
ventional manner. The armature cur- 
rent will be used as the reference vector. 
The rms value of this current is 


I,=a',XIz,X0.707 


Since the terminal voltage per-phase is 
not a constant vector in magnitude, it is 
desirable in this discussion to consider the 
per-phase generated voltage which is 
assumed constant in magnitude. It is 
also possible to determine the angle be- 
tween this generated voltage and the 
fundamental armature current. This 
angle would be 30 degrees if L and r were 
negligible; however, the angles a and 7 
must be considered as shown in Figs. 9 
and 10, and as determined in Appendixes 
ITand III. In consequence, the angle be- 
tween the fundamental of armature cur- 
rent and the generated voltage is 


7=30+a+7 (for lagging power factor 7 
is positive) 


The next problem is to determine the 
magnitude of the generated voltage, Ey. 
To determined Fy, equation 29 of Appen- 
dix II is used. E,vg is known, being the 
IR drop of the load. However, the angles, 
a and y, are not defined until E, (=0.707 
Em) is known. Thus, a trial and error 
solution is required to determine the 
generated voltage, EH, The commuta- 
tion period, , is determined by solving 
equation 20 for z,/[,=1. In order to 
solve equation 20, it is necessary to assume 
a value for E,. This assumption can be 
made reasonably well by the following 
equation 


En 
ee 
V/ (0.45 E ave +0.78I zr’)? +(0.782,X 1)? 


Ey 


This equation assumes unity power factor 
and assumes the ratio of average load 
If there 


volts to maximum to be 0.91. 


Figt. 9 (lefl). Vector 
diagram 


VOLTS OR CURRENT 


TIME 
Fig. 10 (right). Rela- 


tionship of generated 
volts and armature cur- 
rent 
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were no commutation, the ratio would be 
0.956. The equation also assumes the 
ratio of maximum of fundamental current 
to maximum of per-phase current is 1.1. 
In the exciters investigated under var- 
ious loadings, this ratio varied from about 
1.06 to 1.12. If there were no com- 
mutation, the ratio would be 1.1. With 
the assumption of Ey, a and y can be 
determined. If the commutation period 
is 60 degrees, it is also necessary to find Vy 
by a trial and error process. However, 
in most cases vy is less than 50 degrees in 
which case Vj=0. Ey, can now be cal- 
culated using equation 29. The assump- 
tion of E, can then be checked. 

In order to determine the effect of 
armature reaction on pole mmf, it is still 
necessary to determine the angle y in Fig. 
9. The pole must have sufficient mmf 
to overcome this reaction and in addition 
must have sufficient net mmf to generate 
the voltage Eg. Thus, it is also neces- 
sary to determine the voltage Hyg which 
can be done by vectors once ¥ and Ey are 
known. 

It is seen that if the vector AB were 
known, it would be relatively easy to 
determine the angle y. In Chapter 9 of 
reference 4, a method of solution is shown 
whereby AB can be considered anartificial 
voltage in quadrature with J, and gen- 
erated by the artificial mmf=M, Cy. 
With ¥ and E, now known, the vector 
diagram can be solved. 


Computer Calculations 


As is obvious to the reader, the method 
of calculation presented is impractical for 
hand calculations. Hand calculations 
would be practical if more simplifying 
assumptions could be made. But in 
order to keep from being limited further 
by assumptions, it was decided to use an 
International Business Machines Corpora- 
tion 704 computer. A program was set 
up for the computer to take a given 
d-c rectifier load and find the equivalent 
a-c load. Thus, using formulas and 
methods previously explained, the equiv- 
alent a-c rms per-phase current, and 
terminal volts were determined as well 


GENERATED VOLTS 
PER PHASE ARMATURE 
CURRENT 


<— FUNDAMENTAL 
ARMATURE CURRENT 


30°+77+2<(IN THE FIGURE, 7% AND * ARE NEGATIVE) 
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Computer 
Main Generator Rectifier D-C Load aan 
Volt pcere Volts, P.F. Ratio* Satura- 
Kva W-Type oe Rpm Bove Amperes Poles a B ay’ Vin Amperes Degrees VLN/Eavg tion Total 
= io 
x Te MO ee 121, 
BOP ICOAENT 2a, ROMO S000 RIT One BD. Qe eee Geet 6) 9s Ai sa8 eee P0eeoe 8 a 12.8. 0.447 gov 
5 Pasi ds 0006.5.62 eto Laka eR A 100 2 Mee 27.8....14.0....—14.8.....0 448 “a... 470. 
50....8,000....95 Th ey ae athe 8 6.4) ble a eee 42.7....20.1....718.5., 0.449..... 0... 645. 
40 ....60M40D BOS SONU RRR. LIB. oie 6: tee tag Woh ag gaan 411k: 9.8....11.8,...718.6...+.0.445..... 6....165 
ae BELT ARE RONG 6 446 ie 25, Sie eh On ee JON. er 86 axe ee ttl ee 19.7..-.20.4..44 714 1. 4+.0-468..... 14-295. 
200... .8,000....80.2....48.2..... CP a a ee a 108 en Ber Mae (iE cages ne 532. 
ae bs 000... .62.2....63.0 6 ae) tG ee: TiO Lceeee 27.9... -40.0.54.— Le Oiene OLetaeere 7.6082 
Sh rt , eee Vow er ee Veeeee . . a 
31.5....¥6QM31.5...100....7,600....30.5....29.0..... 8 he. ee tea NS 14.0... 21,9... 14 ONO Dee iv B01. 
£50', 7 GOO. 050.0141 -B8a ck Ste 2406 ABS. L001. cee se. .B1-7.... 7 14.5.0... 0 457 121.482. al 
; ie Gi 5 si eae orn & rite 6 0. eBid an hOlae ee 8. 1. ¢. Al. Bin. tees eee .. 760... 70 
aroctlRe loon atone ies ae see gg i GTS ae TERS eee 28.2....30,4,0.. 14. 4/4080 Angee 110... .650.... 


* This ratio is the ratio of the equivalent exciter a-c L-N (rms) terminal volts divided by the average d-c rectifier load voltage. 


this ratio would be 0.4275. 


as power factor for a given rectifier d-c 
load current and volts. This equivalent 
load was determined by first calculating 
the voltage H, and angle yn as already 
described. An artificial equivalent a-c 
terminal voltage and power factor 
were then calculated so that when IR 
and 1X drops were added to the terminal 
volts, the voltage Z, would result at an 
angle 7 with respect to the fundamental 
a-carmature current. The equivalent a-c 
fundamental armature current was deter- 
mined by using equations 36 and 37. 
The program was used to determine 
excitation of three aircraft oil-cooled 
brushless generators at various loadings. 
These results are shown in Table I. 

It should be pointed out that because 
of the type of loading, in general the 
exciters operate unsaturated. In Table I 
the most saturated operating condition was 
in the 31.5-kva generator operating at 
200% load. Calculations indicated 188 
ampere-turns were due to saturation. 


Conclusions 


The armature reaction has been studied 
in a three-phase full-wave bridge rectifier 
loaded alternator. Using formulas de- 
rived in this paper itis possible to convert 
a rectifier d-c load into an equivalent a-c 
load. The equivalent a-c load is made 
such that when fr’ and 1X, voltages are 
added to the “equivalent” a-c exciter 
terminal volts, the proper generated volt- 
age, Ey, results at the proper angle, n, with 
respect to the fundamental current, i. 
There is some question as to what reac- 
ance should be used for X;. It appeared 
in the generators tested that the direct- 
axis subtransient reactance, X4", gave 
the best results. (In these generators 
Xq” equalled Xq’ since there were no 
damper bars.) 
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Table I. Excitation Requirements 


RSI EORS A Seae ae oa he Ee OS eS 


Equivalent A-C Load 


In the generators investigated the cal- 
culated ratio of equivalent exciter L-N 
terminal volts divided by the average 
rectifier load voltage varied between about 
0.44 and 0.46. This figure would be 
0.427 if there were no commutation. 
The equivalent exciter rms line current 
varied betwen 0.755 and 0.791 times the 
d-c rectifier load current (Z,), whereas the 
figure would be 0.78 for no commutation. 
The artificial power factor angle varied 
between 13 and 15 degrees lagging. 

A sixth harmonic armature reaction 
was shown to exist. 


Appendix |. Commutation 
Current 


During the commutation of c phase with b 
phase in Fig. 2, the terminal voltages are 
equal. Thus 
C1c=Cw 


(1) 


€ge—ter' —L a = gh — tyr’ — 


, (2) 


By assumption 3 of the third paragraph of 
this paper 


ip =I, —ig (3) 
dy dic 
ais a dt (4) 
From equation 2 

“dich gy ema 
€gc — gp = (21, —I,)r ae Se (5) 
The boundary values are 
1-=0 at t=0 (6) 


€ge iS 120° behind eg, 


It is now possible to find the firing angle, 
or that time when current will start flowing 
inc phase. This firing angle is an angle, in 
radians, with reference to the time of firing 
if r’ and L were zero. 

When 7,=0, equation 5 becomes 


Shilling—Brushless Rotating-Rectifier Aircra ft Alternator 


Exciter 


Ampere-Turns/Pole 


If there were no commu’ 


digzatia 
Cge—€go = —I yr’ +2L Pi V3 ExX 
sin (wtt+a) (' 


It is desirable to reference time from 
ic=0. Thus, wt=Oatipe=O0. Theanglea 
the angle which eg-—egp is at when 7, = 0, Or 
other words, a=the firing angle for ege 


At the time of the firing, ¢gc is at 30° +-a sine 

Ege=Em sin(wit+30+a). | 

As a result 

=z ‘ dic 7 

/3Ey sin (a)=—Inr’ +2L 7 . 

. 

or | 
di | 

a=sin7! BAR er | 

j V3Eu 

p 

or 


—Tzr’ 
=sin71 — - V; 
a=sin (Se 4 :) 


where V; is discussed in Case II of 
appendix. 


Case I: y<60 degrees 


When the commutation takes place 
less than 60 degrees, the current, 7, 
zero for some period of time prior to com 
mutation. Therefore, di,/dt=0 prior 
commutation. At the firing of 7, 
are no sudden voltages applied in the fy 
paralleled phases. The two generated 
tages which cause the phases to com 
tate change gradually. Thus, there is 
sudden change in di,/di and it is, therefor 
zero at {=0. j 

Thus, for y<60 degrees 


a=sin7} Siar’ 
A Vobis 


Case II: y=60 degrees 


Commutation between two specific phas 
cannot take longer than 60 degrees. I 
can be reasoned as follows: When fy 
phases are commutating, the remainit 
phase must carry all of the current. 
it must carry the total load current one-thii 
of the time. The current repeats i ¢ 
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magnitude) every 180 degrees. A given 
ise must then carry all of the load current 
at least 60 degrees. This leaves 120 
rees in which the phase can com- 
tate with the other two phases, or it can 
amutate up to 60 degrees with one of the 
er two phases. 
n Case I it was shown that di,/dt=0 at 
J. This is not necessarily true when += 
egrees because in this case there can be 
idden voltage applied which causes di,/dt 
ave a value att=0. This sudden volt- 
comes from the ZL di/dt voltage present 
t prior to firing. 
f there is an initial value of di/dt, then 
in equation 7hasavalue. V, must have 
h a value that the firing angle will cause 
current to reach its final value in 60 
trees. Thus, V; must be chosen in such a 
y that i,/J, in equation 20 equals 1.0 for 
60 degrees (if ~=60 degrees). This cal- 
ation may be done by trial and error 
uming different values of a. 
daving discussed the angle a, the solu- 
n for 7, is continued as follows: 
ym equation 7 


SE sin (wi +a) =€ge—€gd 
ym equation 5 


SE sin (witte)+izr’ Pas di, 


, — 
3 ter’ +L a (10) 


ing 

(a+5)=sin a cos b+ cos a sin b 
jation 10 becomes 

3E 

Sy (sin wi cos a+cos wt sin a)+ 


/ di. 
TE mig! +L = ett) 


= S (ter +LS) 
ere Sis an operator. Let 
V/3Eu 
2 


V3Ey . 
— > sin a 


(12) 


cos a 


fu’ 
" 
CywS + C2S?2+ C(S?+w?) 


(13) 
(S?+w?)(S)(r +LS) 


te) = 
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Fig. 11 (left), Direction of as- 
sumed current flow 


Fig. 12 (right). General current 
wave shape 
From partial equations 


6 OA ees Cet 
S St4+w? r+LS  S(S?+w)(r+Ls) 


(14) 
where 
C= C2+C3 
C=wl, 
Ci =w?C; 
and solving 
de 
patil (15) 
V3Ey[r' sin a—Xz cos a 
Bo Sit Bie et eS) 
: ( = (16) 
_VBEy [r' cos a+Xz sin a 
re er mC 
pa v3Eu é X,cosa—r'sina\ IyL 
2 Z? 3; 
(18) 
By conversion, equation 14 becomes 
\ V3Euf{r' sin a—Xz cos a 
te=Iy,+ 5 (camer meee x 
a wot oem r’cosa+Xy, sin a e 
2 ZL 
ore /3Ey{ Xz, cos a—r’ sin a 
sin w Sse (aerate Sir 


ta eri (19) 


Dividing both sides of equation 19 by 
I, and substituting B=wt, 0’=impedance 
angle =cos-!7’/Z, M=X,/r',and K = ¥3 
Ey/2I, Z, the following is obtained for the 
commutation period: 


22 =0.5(1—e-0/™) + 
Ir 


K{(e-8/") sin (6’—a)+ 
sin (8—6’+a)] (20) 


where a is determined by equation 8. 


Appendix Il. Woltage Wave 
orm 


In Appendix I, the phase current was 
determined for the commutation period. 
For the rest of the conduction period, the 
phase current is equal to the load current 
which is assumed constant in this paper. 
Since the phase current is thus known, and 
since the generated voltage is assumed to be 
a vector of constant magnitude, it is possible 
to determine the terminal (or load) voltage 
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Ye ee, age. ¥ 


Bama 


of the generator. This is done by subtract- 
ing, algebraically, the JR and L dz/di volt- 
ages from the generated voltage. The solu- 
tion is as follows: - 

From equations 2, 3, and 4 (during com- 
mutation of 6 phase with ¢ phase) 


di 
corm ene 2 tr HL :) alline’ (21) 


By adding egy+eg- and from equation 21 
du, 
Cg +egc= 2( rete’ —L2) ine” 


= 22 te +Izr’ (22) 


or 
e ar Rs ; 
lic= cee Tee IWE (during commutation) 
(23) 


The load voltage is found, then: From 
Fig. 11 and equation 23 and since the cur- 
rent J; is not changing in phase a at this 
time 
éiq (from N to 1)=egg—ir’=eyqtI xr’ 

where J; is positive (24) 


—€1q (from 1 to W)= —ega—Tzr’ (25) 


Cri=Cic—€ta 


€9b +€g¢—Lrr’ 


, 
—éga—Irr 
2 


eLt= 
(during commutation) (26) 


When commutation is not taking place, 
the load voltage, ez:, is determined as fol- 
lows (current J; is not changing): 
Cte= €ge—L xr’ (27) 
From equations 25 and 27 


€rt=lge—Cga—21 z7' (no commutation) 
(28) 

In summary then 

_ Coot eae _ 


ent 
2 


3 
Coa 5 Izr’ (during 
commutation of b and ¢ phases) 


€rt=ge—€9a— 21’ (when there is no 
commutation) 
where 


ge = Ee sin X 
éga= Ey sin (A—120) 
€yce= Ey sin (A+120) 


Commutation occurs for \=30+ea to 
y¥+30-+a 


Conduction with no commutation occurs 
for \=7y+30+a to 90+a 
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It is sometimes desirable to know the 
average load voltage in terms of Ey, Iz, 
r', etc. The average load voltage, Fave, 
can be determined by integrating equa- 
tions 26 and 28 and dividing by the time 
interval. This method was used and the 


solution is 


E,yg =1.17[cos a+cos (y+a)|Eg+ 
0.477Iur'(y)—2Izr’ (29) 


Appendix Ill. Harmonics of the 
Current Wave 


A. General Solution 


From the assumption of constant load 
current and from Appendix I, the current, zc, 
has been determined. In general, this cur- 
rent is as shown in Fig. 12. The angle 6 
is the variable and is taken from the time 
when the current is zero. In this appendix 
the harmonics of this general wave shape 
will be determined. 

By the Fourier Series 


Hle)=5 a +a; sin B+a2 sin 28+ 


...dy sin nB-+b, cos B-+b2 cos 26-+ 
...bn,c0s 28 (30) 


f(x) sin n dB (31) 


; f(x) cos nB dg (32) 


=e 


va 


From Appendix I and assumption 3 


f(x) from (8=0 to y) =0.5(1—e-8/") + 
K [sin (6’ —a)e~8/™ +-cos (0’—a)X 
sin B—sin (9’—a) cos 8] (33) 
f(x) (from B=y to 120°) =1.0 (34) 
f(x) (from 8 =120° to 120°+ y) 
=1-0.5(1—e FP -Bo/M) — 
K [sin (6!—a)¢~8-2°/™ 4 
cos (6’—a) sin (8 —120°) — 
sin (6’—«) cos (8—120)] (35) 
Applying equation 31 to equations 33, 


34, and 35 the solution for ay is obtained 
and is 


For z=1 
Xye7v/™ 
an=-| —Xo(cos y—1)+—— 
cd it 
mt 


ane Xj 
( = J; sin y-c08 7) +5 + 
+1 


ue DBAS aCe: 
=— sin 1 ° 
Xe2y Xo sin 2y X3 . cE : i aS : =e ca pay a pacer 
oo ares sin? y+ M2 = . 1° . t 
C.= —K (sin n 120°) sin (6’—a) 
Xen 1 
X,sin y+ : (-4 cos y-+sin 7) +7 + | 
Set aa A . | 
me €- 4 ) eect IV. Armature 
: a , eaction 
(-2 cos y+sin 7) af x tang -- c sin? y+ o(24+5221) ce ; 
(a+) M Coleen To determine the ampere-turns of arm 
4 y, ture reaction, the method used in Chaptet 
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Agee Ary X7 sin 2y 
7 MRS Lipo 
cos y+0.5 
For 141 
Ey Demis 
ee (cos yea pense Be 
2 Les 
we 
Xin 
ase sin ny —n cos ny }+ -- 
M bia 
Maud 
X» sin (l—n)y Xe sin (l+n)y _ 
2(1—n) 2(1-+7) 
X3] cos (n—1)y_, 00s (n+1)y __ 
2 n—1 n+1 
1 1 oe 
Aa | pi n LE. 
Weems 1 
eae (oe cos my+n sin nv) + 
1 is M 
mt” 
Xs = (1—n)y 
1 2 1—n 
(Jato) 
cos (1-++n”)y 1 1 | 
1+n 1—n 1+” 
sin (1—m)y _, sin (1++2)v 
Ora ee 
cos ny COs ni20° (36) 
n 
where 


Xo=0.5(1+cos m 120°) 


X1=K [sin (6’—a)](1—cos 2 120°) — 
0.5(1—cos 2 120°) 


X2=K [cos (6’—a)](1—cos 2 120°) 
X3;=—K [sin (6’—a)](1—cos » 120°) 
X,=0.5 sin 2 120° 

X5=[0.5—K sin (6’—a)] sin » 120° 
X6=—K [cos (6’—a)] sin m 120° 
X7=K [sin (6’—a)] sin n 120° 


Applying equation 32 to equations 33, 
34, and 35, the following is obtained: 


For 2=1 


Cs sin y \ | 
—y/M me | 
1 [ i ( M ae ”) 


Att 2 yee 
c [2 "49 sin? y+ 


2 4 2 


sin 120° —sin 4 


For 141 


e-V/™ 


C 
o—— * sin ny +Q) x 


mt” 
it ie. 
ap COS BY +n sin ny | 


(stn) ac De 1—n 

cos (1-+n)y 1 i : 
lt+n m | 

[= (Lom)y sin (1 fon] 

2 1-n efi 1 


Cs 


Cy a (1—n)y , 


C. 
~ [1—cos ny] + x 


mi” 
| — ol EE cos ny) +n | 


ee (1=n)y sin L+n)7]_ 
P 1—n “1+n | | 
g[= op Laughs (w+1)y__ 

n—1 n+l } 


2 


fig é. 
ole [sin 2 120° — 


sin ny] } 


where 
Cy =0.5(1-+cos 2 120°) 


C,=K [sin (6’—a)] (1—cos m 120°) + 
0.5(cos m 120°— 


C,=K [cos (6’—a)|(1 — cos 120°) 
C;= —K [sin (6’—a)](1—cos u 120°) 
C,= —0.5 sin 2 120° 


C;=(sin 120°) [K sin (@’—a) —0.5] 
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reference 4 is used. In this reference, 
l€ armature reaction is shown to be 


I/P for a phase =0.9Irme caxX 


: K 
sin ut| Key cos 6— a cos 36+ 


Kaps 
5 


cos 56—... | (38) 


For b phase the reaction is the same except 
n wt becomes sin (wt-120) and for c phase 
becomes sin (wt-240). The equations for 
ae three phases are added together to get 
de total effect. In the rectifier loaded 
Iternator, the phase current has time har- 
1onics as seen in Appendix IIT. Therefore, 
y substituting the value of the three phase 
urrents represented as time harmonics into 
" armature reaction equations and adding 
e equations together the total reaction can 
e obtained. 
By checking for 3rd harmonics in a», of 
quations 36 and 37 it is found 8rd’s and 
heir multiples cannot exist. The instan- 
aneous current equation is then repre- 
ented as a series of sine terms. 


a=Iz[a1' sin (wt+,) +s’ sin (5wt+-y5)+ 
| a7’ sin (7wt+y7)...] (39) 


Equation 38 is now modified by sub- 
tituting 0.707 times equation 39 for 
‘Trms Sin wt’ in (equation 38). In like man- 
ier, phases b and ¢ are modified. The three 
esulting equations are added together and 
he result is 


‘or the fundamental 


3 
(wt) = ay'X0.9X0.7071,.Neq 3| KenX 


Kaps 


sin(wi—@)+ 5 


sin (wit-++59) — 


Kapi 


Te sin (wit—76).. | (40) 


(Note: The reference for time t=0 has 
been changed so that y; does not appear.) 


For the 5th harmonic 
3 
F(5wt) =as’X0.9X0.7071zNeq a 


Kaps 
5 


sin (5wi— 


| Ken sin (5wi++0)-+ 


Kapi 


59) — = sin Gut)... | (41) 


(Note: 
been changed so that ys does not appear. ) 


For the 7th harmonic 


3 
f(7wt) =a7’ X0.9X0.7071,.Nog 3° 


Kaps 
5 


| Ken sin(7wt—6) + sin (7wt+ 


50) “22! sin (7wt—70).. | (42) 


In order to reduce equations 40, 41, and 
42 by approximation, it is desirable to 
assume that 


Kapn=0 for n>5= assumption 5 (43) 
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The reference for time ¢=0 has 


Equations 40, 41, and 42 can be reduced to 
equation 44 for harmonics up to the 11th. 


. Armature reaction equals 


3 
NI/P =0.9X0.7071,.N¢q 3 Kayla’ X 


sin (wi—9) +a,’ sin (5wt+@) + 


a,’ sin (7wt—6)...] (44) 


Realizing that sin(wi—é@) and sin(7wit—@) 
are forward revolving waves, it is seen that 
the 5th time-harmonic rotates backwards 
and the 7th time-harmonic rotates forward. 
These waves are fundamental space har- 
monics which rotate at their respective 
harmonic speeds. It is desirable to consider 
the armature reaction relative to the poles. 
In this case, then, the terms in equation 44 
change by wi as follows: 

Armature reaction relative to the poles: 


3 
NI/P =0.9X 0.7071, N-Kamg 3 [a1’ x 


sin (—0)-+a;’ sin (6wt+6) +a7’ X 


sin (6wi—9)...] (45) 

It is interesting to note that the 5th and 
7th time-harmonic of armature current have 
cause a 6th time-harmonic reaction on the 
poles. 


Appendix V. Definition of 
Symbols 


G1, 03, ... @n=amplitude of first, third, ... 
or nth sine harmonic of armature 
current expressed as a decimal frac- 
tion of J;, dimensionless. The har- 
monic is relative to the armature. 
With respect to the poles, the har- 
monics change by the synchronous 
speed 

a',n=amplitude of nth harmonic current 
wave=V Gn?+),? 

bi, bs, ... b,x =amplitude of first, third, ... 
or mth cosine harmonic of armature 
current as a decimal fraction of Jz, 
dimensionless 

Cq=armature mmf factor in the direct axis 
for salient pole synchronous ma- 
chines, dimensionless 

a’ artsin a'r 
a ne ala 
sin 5 

C,=armature mmf factor in the quadrature 
axis for the salient pole synchronous 
machine, dimensionless 


alt 
= a’rsin a’r+0.5 cos 5 


/ 
| Asin =— 
Ci, Co, Cz, ete. =real constants. See Appen- 
dix III for specific values 
Euyg=average rectifier load voltage, volts. 
(Y-connected exciter) 
Eq=direct axis component of Ey, rms 
volts 
ERLVM=maximum rectifier load voltage, 
volts 
E,=per-phase generated 
volts=0.707 XEm 
Em=maximum value of @gq,¢9p, OF Cgc, volts 
=/2 Ey 
E,= quadrature axis component of Eg, rms 
volts 


voltage, rms 
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€ga, €gb,€gc = instantaneous generated voltage 
of phase a, b, or ¢ in volts 

Cta, C1b, tc =instantaneous terminal voltage 
of phase a, 6, or ¢ in volts including 
the forward voltage drop of one recti- 
fier cell 

€,1=instantaneous load voltage, volts 

f=frequency, cycles per second 

I;,=load current in amperes; 
constant 

Tims =tms value of armature current where 
the current is sinusoidal, rms amperes 

1,=fundamental armature current, rms 
amperes 

Za, Ip, 1¢=instantaneous current in phase a, 
b, or c, amperes 

A;=change in current 7, amperes 

V8Em 

21,2 

Kap, Kaps, Kapn=distribution factor times 
pitch factor for the first, third, or 
nth harmonic, dimensionless 

L=self-inductance of the a-c_ exciter 
phase due to leakage flux, henrys 

L,=inductance of load, henrys 


assumed 


K=a constant = 


, dimensionless 


DG ie me 3 
M=a constant =—, dimensionless 
Yr 


M,=fundamental armature reaction, am- 
pere-turns per pole4 

N,=conductors per slot 

NT@max=the maximum direct axis com- 
ponent of armature reaction per pole, 
ampere-turns per pole 

NI/P =ampere-turns per pole 

n=asa subscript denotes nth harmonic 

q=slots per pole per phase 

Rzi=resistance of load, ohms 

r=effective per phase resistance of an 
alternator phase, ohms 

r'=r plus effective forward resistance of one 
rectifier cell, ohms 

S=symbol used in Laplace transforms 

t=time in seconds 

di, 


= Qe 
Vi =value of Wi 
V/BEm 


at t=0, dimensionless 


W=0 

X,=wlL=effective phase reactance 
=2z7 fL(f=fundamental frequency), 
ohms 

X, Xo, Xz, etc. =constants. 
III for specific values 


See Appendix 


Yn =tan=1 bn 
an 
Z =impedance AV yt X72, ohms 
a=firing angle of phase current =zero if r 
and L are negligible, degrees 


qecsin (Se a ni), degrees 
‘mm 


a’ =ratio of pole arc to pole pitch, dimen- 
sionless 

B=time in radians =wt, at t=0, 7; =0 

yy = commutation angle in radians or degrees, 
that is, the angle through which com- 
mutation takes place between two 
phases such as b and c 

§=position on the armature in electrical de- 
grees or radians 


/ 
; aie os 
6’=impedance angle =cos™} Z = COSes 


1 
= dertees 
V1+ M2 


n=angle between per phase generated volt- 
age and fundamental per phase cur- 
rent =30°+a+7=positive for lag- 
ging current 
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\=wt where ég-=0 at ¢=0, radians 
=angle between the armature current 

and direct-axis generated voltage, 
degrees 

7,=are tan —b;/a1 

Tn =angle between the nth harmonic arma- 
ture current and the point where 
the instantaneous armature current 
equals zero, degrees 

w=2nf, radians per second 
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Analog Computer Representation of an 


Aircraft Electric Power Generating 


System 


J. L. KLINGENBERGER 


ASSOCIATE MEMBER AIEE 


N THE PROCESS of designing and 

developing an aircraft a-c electric power 
system, a state of development is reached 
where some of the components, due to 
the present state of the art and the steady- 
state specifications, have their designs 
essentially fixed. The analysis of an 
aircraft a-c electric power system pre- 
sented in this paper illustrates how time, 
effort, and costs required to complete 
the development can be substantially 
reduced if proper system dynamic per- 
formance can be assured prior to the 
construction of the actual hardware. 


System Description 


The aircraft power system analyzed 
consisted of: 


1. An automatic, magnetic-amplifier type 
of voltage regulator. 


2. A conventional, brushless, synchronous 
a-c generator. 


3. Ana-c pilot exciter. 


The voltage regulator senses the varia- 
tion of the main a-c bus voltage from a 
fixed reference, amplifies the error signal 
and applies it to the shunt field of a 
brushless a-c exciter. The a-c output of 
the exciter is rectified by a 3-phase full- 
wave bridge rectifier and applied to the 
fields of the synchronous generator and 
the pilot exciter. This excitation into the 
field of the synchronous machine produces 
the main a-c bus voltage. 

The pilot exciter is a 3-phase a-c ma- 
chine. This machine, rather than the 
main a-c bus voltage, is used as a voltage 
supply for the regulator in order that the 
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main generator will receive excitation dur- 
ing main-generator short-circuit condi- 
tions. 

An additional input signal to the volt- 
age regulator is obtained from the a-c 
exciter. This signal is used to obtain 
stable closed-loop control of the main a-c 
bus voltage and also to improve the trans- 
ient recovery of this voltage during elec- 
tric load switching conditions. 

When the study was initiated, only 
calculated performance curves and cal- 
culated constants were available for use in 
analyzing the magnetic amplifiers, exciter, 
generator, and pilot exciter. 


Nomenclature 


ky, Ky, ke, Ko=magnetic amplifier constants 

Ro.=second-stage amplifier internal resist- 
ance 

s=Laplace transform operator 

e’=exciter air-gap voltage 

éq=exciter generated voltage 

é,=exciter terminal voltage 

e=exciter gain constant 

K3=constant relating air-gap flux to pole 
flux in exciter 

ty=exciter shunt field current 

4,=exciter line curent 

g=exciter pole flux 

Nye=turns per pole of a-c exciter shunt 
field 

Ry=exciter shunt field resistance 

SRDS=square root of difference of two 
squares 

SRSS=square root of sum of two squares 

%q = direct-axis synchronous reactance of a-c 
exciter 

%q'=pilot-axis transient reactance of a-c 
exciter 

kp=pilot exciter gain constant 

Ci, Cx, C3, Ca, Cr=synchronous generator 
constants defined by equations 34 
through 36, 39, and 45 
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Eq'=voltage behind direct-axis transienty 
reactance { 
Ej,’ =voltage behind quadrature-axis trans-} 
ient reactance : 
E,q=direct-axis component of generator) 
terminal voltage | 
Eyq=quadrature-axis component of genera-) 
tor terminal voltage ' 
E,=generator terminal voltage 
E,=pilot exciter terminal voltage 
E,sa=generator field voltage 
Iya=generator field current 
Iqg=direct-axis component 
stator current 
J,= quadrature-axis component of generator) 
stator current - | 
Iyg=current flowing in quadrature-a ‘is. 
transient paths 7 
R,=resistive load on synchronous generat ‘ 
X;,=reactive load on synchronous gene a: 
tor j 
Tao’ =direct-axis open-circuit time constant | 
; 
| 


of generat ri 


of generator ‘ 
To’ = quadrature-axis open-circuit time con- 
stant of generator { 
Xq=direct-axis synchronous reactance of 


generator 1 
Xq' =direct-axis transent reacitance of gen-- 
erator | 

X q¢=quadrature-axis synchronous reactance 
of generator : 
X 7’ =quadrature-axis transient reactance # 

generator i 
w/w,=ratio of operating speed to nominal : 
speed 
System Analysis 
System analysis requires the writing 0 f: 
mathematical equations governing the; 


For the complex control system unde 
consideration, these mathematical ex 
pressions are very complex and are fune 
tions of many parameters. Since the 
control system utilizes nonlinear elements, 
the system analysis requires the solution of! 
1 


performance of the various system par | 
| 
} 


simultaneous, nonlinear integrodifferential 
equations. 4 
A d-c electronic differential analy er 
was in this analysis because it can com 
pute the solution of simultaneous integro- 
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printing June 16, 1960. : 
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the Westinghouse Electric Corporation, Lima, Ohio, 
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ie 


Ri2 


ifferential equations and also simulate 
onlinear phenomena, In addition, vari- 
tions in parameters can be accom- 
lished by changing potentiometer set- 
ings, 

In the development of the following 
1athematical representations, the num- 
ers in italics refer to computer amplifier 
CA) numbers in which the equations 
re solved. 

The sensing network shown schemati- 
ally in Fig. 1 can be reduced to the 
quivalent circuit shown in Fig. 2, 


ic’ =IgRo'+Ner séo1 (1) 
7, 2Rit Pit Rader _ 2EtRe (2) 
@ AR:+Pi)+R2 2(Ri+Pi)+Re 
= RA R+Pr) 3) 
2(RitPi) +R: 
E.'N, E;Ny mine | 
kK Bs —E 
. ( iis Pathe) 
co 


= —Naseo1 Ea 
Ki(P2+Ra) P2t+Ra 


Ta (6) 

Much of the present-day literature 
points to a more complex representation of 
magnetic amplifiers than the single time 
constant representation. However, it is 
felt that for present purposes, the single 
time constant will be adequate if care is 
exercised in determining the necessary 
constants. 

Various methods are available for cal- 
culating the constant k;, but past experi- 
ence with many of these methods left a 
desire for a closer approximation of its 
value. This constant was determined by 
experimentally measuring the frequency 
response of a similar magnetic amplifier 
which had the same core design. The 
ceiling voltage, obtained by linearizing 
characteristics, is represented in the 
computer by the limiters connected to 
amplifier 1. The effect of any changes 
in bias voltage to the first stage was neg- 


Fig. 1. Voltage regulator schematic 


lected. Fig. 3 is a computer diagram 
of the first stage. 

The coupling network between the first 
and second stages is reproduced in Fig. 4. 
The equations listed subsequently are 
readily apparent by inspection, 


Eu-— Ex 
I, =—— (CASI 7 
re (CARH) (7) 
fae (CA 36) (8) 
Re 
I E2,—Neosdo2 E2—NC2sE'o2 
2. = 
Ris+Ree ged Lae: (CA 39) (9) 
RietRee 
Ies=I,—h (CA $2) (10) 
oD, 
Ego=—— (CA 33) (11) 
sC5 
yah =Ey+Eces (CA 84) (12) 
Igg=h—Iz (CA 87) (13) 
Fy= "24 (CA 38) (14) 
Cys 
—E 
fp EE" (CA 8) (15) 


Pe 


Fig. 2. Equivalent detector circuit 
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Fig. 3. First-stage computer diagram 


Klingenberger, Briggs—Aircraft Electric Power Generating System 


403 


Fig. 4. Coupling network 


Ey 


pee (CA 40) (16) 
Py 
ee ee Oth (CA 29) (17) 
Ry 
Tp=Igt+Ii+Ics (CA 30) (18) 


Fig. 5 is the computer diagram of the cou- 
pling network. 

The second-stage transfer character- 
istics, Fig. 6, are considered to have slopes 
independent of pilot exciter voltage, but 
to have ceiling voltages and zero control 
signal outputs proportional to pilot exciter 
voltage. This stage is represented by an 
“internal” voltage, Eo2”, which is applied 
to the load in series with an internal resist- 
ance. It should be further recognized 
that the idealized curves can be arrived at 
by having an artificial voltage Eo’, Fig. 
7, which is zero for zero signal input and 
has the slope of the real curves but a ceil- 
ing voltage proportional to pilot exciter 
voltage. To this voltage is added a volt- 


age proportional to pilot exciter voltage: 
Eo” = Eo2'+KpEp—A (CA 26) (19) 


The equation for Ep,’ is of the form: 


Reo’ - Ryo 

Noo? N 2 

ven a 
Roo’ Ryo Ree 

(CA 27, 6) (20) 


Fig. 8 is the computer diagram for the 
second stage. 
Limiters are applied to amplifier 27 to 


limit Ey’ to a ceiling value to correspond 
with Fig. 7. A voltage proportional to 
generator terminal voltage E,, along with 
a bias voltage are introduced at amplifier 
27 to account for the effect of changes in 
second-stage bias current. 

A voltage proportional to the pilot 
exciter voltage E, and a battery voltage 
are introduced at amplifier 26 along with 
Eo’ to generator Eo”. A diode is con- 
nected to the output of amplifier 26 to 
limit the output to voltage of one polarity 
only. 

When evaluating k, .by the same 
method used to evaluate fy, the experi- 
mental frequency response curve could 
not be closely approximated by single- 
time-constant curves. However, a close 
approximation was arrived at by intro- 
ducing additional phase shift to account 
for a transportation lag inherent in this 
type of magnetic device. 

Amplifier 25 and its associated circuit 
were added to introduce the transporta- 
tion lag effect of the second stage. 

The exciter voltage swings over a 
wide operating range on the application of 
load, and for this reason linearized equa- 
tions for the exciter are not considered to 
be satisfactory. The exciter was therefore 
approximated as a round rotor machine 
with armature current assumed in phase 
with terminal voltage, and armature 
transients and resistance neglected. 
Since the exciter no-load saturation curve 
does not depart from the air-gap line over 
the range of operation required, no satura- 
tion was considered. 

Fig. 9 is a vector diagram of the a-c ex- 
citer and the following equations may be 
written as a representation of the a-c 
exciter: 


Eo" =i (Roz +R) +8N yesb X10 i) 
From Fig. 9 

: oe 
ea=Keis= y(° «) +(texa)? ay 


eae fs. scemnenie= see ages 
0 Ese] 
OH | | ats Les FOL al 
' Z aa 7 
gO fone Orso alemes 
fees i 
= Eo “4 +SEoi = 
eal 
ae a a> 7 aes +E 
Fig. 5. Coupling network computer diagram 
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Ep=PILOT EXCITER 
OUTPUT V. 


R{=133 OHMS,LOAD 


OUTPUT CURRENT 


CONTROL VOLTAGE 


Fig. 6. Second-stage transfer characteristic 5 


WwW Sens: ar eae 
et = Ve" —(iexa’)? 


Therefore 
Eo2” —i7(Roo+Ry) 
! =—__—________—_—" (CA 45 
TIT Te ) 


The computer diagram for the 
exciter is shown in Fig. 10. 
The mathematical expressions for 
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Tya= Ea’ +Ta(Xa—Xa') 
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For a static load equal to R,+jX, t 
following can be written: 


= (Ew—jE1) 
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Fig. 7. Artificial voltage transfer chara 
teristics 
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ae 31 and proper algebraic mani- 
ation results in the following expres- 
ons: 


= — CE,’ +C.E,' (32) 
— CrEq’ -+ C3Ea’ (33) 
The constants Cj, Co, and C3 are defined 
y 
w 
© (x42 xs’) 
| Wp Wy 
1 a Ya aaa a 
rast (Xe +2x/') (+2 X,') 
Wp Wp 
(34) 
w 
Re 
y Wo 
- w w 
Ra (x.+% Xa’) (+2 x,'] 
Wp Wh 
(35) 
Ww w 
2 (x4 i) 
~ 4 Wp Wp 
fe w w 
Rri+| Xr+— Xa’ }\ Xtt+— Xe 
Wp Wo 
(36) 


Assuming Jy, and Ty’ are of a negligible 
jagnitude and saturation effects are 
eglected, equation 29 may be rewritten 


lc =Ij(X—¢-Xq ) (37) 
oe els (38) 
1+Ci(Xq—Xq’) 
i, X 
F AGI 
yo 
[Aey ipXq! 
It WB 


Fig. 9. A-c exciter vector diagram 
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Fig. 8. Second-stage 


Substitution of equations 27 and 28 into © 


Gs = 
O — 2 -E'o2 
ioe] = 
ay (a) (zs 
i ac 
computer diagram 
Co*(Xq—Xq') 
Ig= C+} -——————\—"— Eq! = Ca Ea’ 
a "FT EChk ey) a’=CaEa’ (39) 
Tya=1+Ca(Xa—Xa')Ea’ (40) 
w 
Ew=(1—CaXa’)— Ea’ (41) 
Wo 
w 
C2.Xq¢— Ea’ 
[Dee ‘ * wy : (42) 
Re ae 
E,=V Eta? t+£ig? (43) 


Substituting expression 41 and 42 into 
43: 


His— C,Ey’ (CA 22) (44) 
Wp 


where: 


= 2 gipeGeA got § ae 
c=| a CaXa) (a5) | 
(45) 


Substituting equation 40 into 25 results 
in 

_ 2.34¢1— Ca(Xa—Xa)Ea’ 
| 1+sT ao! 


Ea’ (CA 41) (46) 


- and from equation 39: 


K pit = [14+ Ca(Xa—Xa’) Ea’ (CA 13, 47) 
(47) 


Since the generator operates in the 
saturated region, saturation was added to 


WB 
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Fig. 11. 
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Fig. 10. A-c exciter computer represen- 
tation 


the analog of Ey’. Those terms of the 
equations which are functions of the load 
constants Cz, Cz, and C; were segregated to 
permit switching from a no-load to a 
loaded condition. Potentiometers are 
provided to permit the exciter and genera- 
tor voltages to be changed for various 
operating speeds, but transients in speed 
are not represented. Fig. 11 is the com- 
puter diagram of the generator. 

The load characteristics of the pilot 
exciter do not vary appreciably from the 
no-load saturation curve. Therefore, the 
no-load saturation curve was analogued 
as the transfer characteristic of the pilot 
exciter for all load conditions. 

Therefore 


Ey=kpi; (CA 49) (48) 


Fig. 12 is the computer diagram of 
the pilot exciter. Saturation was added 
to amplifier 49 by use of nonlinear cir- 
cuits. 


Results 


The analog representation of each of the 
main components was checked inde- 
pendently and, when combined into a 
closed-loop system, the system was un- 
stable, oscillating at 16 cycles per second. 
Stable operation of the simulated system 
was obtained by removing the inductance 


A-c generator computer representation 
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Fig. 12. Pilot exciter computer represen- 
tation 


Iy, Fig. 1, and inserting approximately 300 
ohms in series with Cs. 

Later, when the first breadboard regula- 
tor was connected with a machine into 
closed-loop operation, the system was un- 
stable, oscillating at 14 cycles per second. 
Stability was achieved by making the 
changes indicated by the analog simula- 
tion. 

The response of the simulated system to 


load switching indicated that the proposed 
system would meet the recovery time 
specification for the conditions investi- 
gated. Variations in recovery time for 
variations in parameter settings were 
rapidly recorded from the computer. 
These variations indicated that a maxi- 
mum tolerance of +20% in the setting of 
the stabilizing feedback resistance, Ps, was 
allowable to assure compliance to the 
recovery time specification for the wide 
temperature range of operation. Tests 
made later on the actual closed-loop sys- 
tem indicated approximately the same 
tolerance. 

The simulated system indicated that a 
faster system could be obtained by in- 
creasing the number of exciter feedback 
turns. Therefore, the final design was 
altered to increase the number of turns in 
the exciter feedback circuit. 


_ June 1956, pp. 297-306. | 


Conclusions 


Judicious use of system analysis during 
the preliminary design and developme 
of a-c electric power systems eliminat 
repeated engineering and design chang 
resulting from unsatisfactory control per 
formance at later stages in the develo 
ment. This preliminary step results 
a more rapid and less costly developme 
program. | 
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HE National Aeronautics and Space 
Administration requirements for the 
Delta Space Research Vehicle imposed 
conditions of accuracy, flexibility, and 
an extended period of operation never 
attained before by United States space 
vehicles. In order to meet these re- 
quirements a new flight controller had 
to be designed and manufactured. This 
new design included other salient features; 
such as: minimum weight and power 
requirements, a minimum number of 
relays, and a high degree of reliability. 
The flexibility in the design had to allow 
for interchangeability of components or 
subsystems with a minimum of time and 
effort due to changes in the flight sequence 
or trajectory that could occur shortly 
before the vehicle is launched. 
The Delta Space Research Vehicle 
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(Fig. 1) is a multistage vehicle designed 
to put various payloads in a variety of 
orbits. The first stage is a modified 
Thor missile with the guidance system 
and re-entry vehicle removed. The 


second stage has a modified and improve 
Aerojet-General liquid propulsion syst 

with a guidance section and a spin tab! 
A radio guidance system, which provi 

pitch and yaw steering correction com 4 
mands to both the first- and second-st: 
flight controllers, is incorporated in 

second stage. These steering correct 
commands are used to reduce the nomir 
programmed trajectory errors. The ste 
ing correctioncommands to the fir 
stage flight controller from the radipl 
guidance system are provided after a: 
programmed flight period of the 7 
stage. After separation of the first an 


Fig. 1. Thor-Delta Space Research Vehicle . 
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PITCH AND YAW RATES 


15/26 VOLTS 
a4 WIRE 
400 ~ 


2 (135 VOLN 1 
STATIC INVERTER 


cond stage, the guidance steering 
trection commands are sent to the 
cond-stage flight controller until second- 
age engine cut-off. The radio guidance 
stem is then left on for a period of time 
r tracking purposes only. The third 
age is powered by an Allegheny Bal- 
tics Laboratory solid propellant motor 
ith payload attachments. 
A wnique feature of the Delta vehicle 
a coast-control phase of second-stage 
ght. This occurs after the radio guid- 
ice commanded cut-off of the second- 
age engine and allows the combined 
cond and third stage to coast to apogee 
sfore third-stage spin up and injection 
‘the third stage and payload into orbit. 
luring this coast phase the vehicle is 
abilized to -+0.3 degree in the pitch 
id yaw planes and to +3.0 degrees 
| the roll plane. 
The Delta second-stage flight con- 
oller system consists of a programmer, 
gyroscope assembly, an electronics 
ackage, and a static inverter. The pro- 
rammer provides the time base for the 
peration of all the vehicle discrete com- 


Fig. 3. Programmer design proving model 
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SOLENOID VALVE 
CONTROL 


POSITION FEED BACK 


Fig. 2. Flight controller block diagram 


mands with the exception of the radio 
guidance engine cut-off command. It 
also provides a time base to the static 
inverter for frequency control of the 
output voltage. The torquing current 
commands from the programmer to the 
gyroscope assembly are precision con- 
trolled in both magnitude and time. The 
gyroscope assembly provides the 3- 
axis attitude reference for attitude and 
stability control of the vehicle. The 
pitch and yaw gyros are capable of being 
torqued by the programmer commands 
for reorientation of the vehicle’s attitude. 
The electronics package provides gimbal 
control of the engine actuators during the 
powered phase of flight and provides 
valve control of the helium reaction jets 
for attitude control during the coast 
phase. The static inverter supplies 3- 
phase voltage to the gyroscope assembly 
for spin motor power and also for the 
signal excitation and demodulator ref- 
erence voltages. Two separate windings 
of 135 volts each are used to supply 
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single-phase power to the programmer 
where the voltages are rectified and 
filtered and used as the power supply 
for the torquer currents. All four units 
utilize d-c power for operation and solid- 
state devices are used throughout. A 
block diagram of the second-stage flight 
controller is shown in Fig. 2. 

The Miniature Integrating Gyroscopes 
(MIGS) are used as the attitude ref- 
erences to accomplish the required 
vehicle stabilization during the coast 
phase. The a-c attitude error output 
signals from the MIGS are amplified, de- 
modulated, and fed into switching ampli- 
fiers that control the expenditure of 
helium gas through reaction jets for 
maintaining the vehicles’ attitude within 
these limits. The switching amplifiers 
have a preset triggering level which is 
equivalent to a given gyro gimbal 
angular displacement. The second stage 
is also capable of being programmed in 
pitch and/or yaw during the powered 
and coast phases of its flight from preset 
torquing commands to the gyros from 
the programmer. 

‘The following is a report of the de- 
velopment of the individual units show- 
ing some of the major problems en- 
countered and how these problems were 
solved, 


Discussion 


PROGRAMMER 


The length of time for a controlled 
flight of the second stage dictated the 
requirements for a programmer that 
would be capable of at least 1,000 
seconds of operation. Electromechanical 


programmers, with this capability, were 
either too large, too complex, or lacked 
sufficient accuracy to be utilized on this 


Fig. 4. Gyroscope heater block temperature study 


system. The flexibility of the program- 
mer and the accuracy required (+0.01%) 
for sequencing of events led to a solid- 
state programmer. The programmer 
incorporates a crystal-controlled time 
base which provides the accuracy re- 
quired. The frequency of the crystal is 
51.2 ke which is counted down to 2 cps 
(cycles per second) through a series of 
flip-flop circuits. This countdown to 
2 cps provides the 1/2-second time incre- 
ment capability required for sequencing 
of events. An accumulator provides the 
circuitry for counting the time. A diode 
matrix with screw contact switches 
provides the selection of times for the 
sequencing of events on 16 different 
channels. 

The tolerance of +0.05% for the gyro 
torquer currents from the programmer 
dictated that the resistors used for 
obtaining the currents could not vary 
because of changes in temperature. A 
temperature control oven was installed 
within the programmer for maintaining 
a constant temperature for the resistors. 

The selection of resistors values, 
through various combinations, to obtain 
the correct torquer currents over a wide 
range of torque rates for the pitch channel 
was based on various series-parallel 
combinations of ten resistors. Fixed 
resistors were chosen because of the 
range (6-60 kilohms) and resolution 
(+0.05%) required. A potentiometer 
is not capable of meeting these require- 
ments. The solution of basic equations 
by an International Business Machines 
Corporation computer gave over 1,000 
combinations of three resistors in series- 
parallel combinations for the ten resistors. 
A minimum of 300 combinations were 
required to cover the range of resistance 
(60 kilohms) but the grouping of re- 
sistance values in the results of the com- 
putations by the computer indicated more 
combinations would be needed. 

The final current adjustment is pro- 
vided by a variable resistor inserted in 
parallel with a fixed resistor which is 
in series with these combinations. This 
gives the linearity required over the 
torquer rate range. The torquer current 
circuits are so designed that if the least 
reliable component (variable resistor) 
should fail the total resistance in the 
circuit will not be changed by more 
than 15% in the worst case. 


For a flight, the selection of various 
combinations of resistors for the proper 
range and polarity required for the 
torquer currents is accomplished by con- 
necting short-circuiting plugs to connect- 
ors installed on the programmer. The 
terminal connections for the 10 resistors 
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Fig. 5. Servoamplifier environmental test | 


in the pitch channel and the 6 resistors 
in the yaw channel are brought out to 
these connectors. A combination of 5 
jumper wires for each  series-parallel 
combination of 3 resistors is required on 
the short-circuiting plug for a pitch or yaw 
program. This method of not requiring 
removal and/or installation of resistors 
for particular pitch or yaw programs 
increases the reliability of the system. 

In the initial design of the programmer 
an operating time of 1,023 seconds ap- 
peared to be sufficient. A further in- 
vestigation into the time requirements, 
for the various trajectories which would 
be encountered, disclosed that a possible 
addition of a few hundred seconds of 
operation might be required. It was 
therefore decided to increase the operating 
time capability of the programmer. This 
was easily accomplished since only one 
additional flip-flop circuit was required 
to double the existing time capability. 
The addition of a diode and a screw 
contact switch in the diode matrix for 
each function was also required to allow 
for the added time capability. The 
programmer is now capable of operating 
for 2,047.5 seconds, which should meet 
any requirements for flight for the Delta 
Space Vehicle. 

The time of engine cut-off cannot be 
predetermined to any degree of accuracy 
since it is dependent upon the attainment 
of the velocity vector required for a par- 
ticular mission. However, the time be- 
tween achieving the predetermined ve- 
locity and the third-stage ignition must 
be precisely controlled. Therefore, the 
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programmer must have the ability td 
stop during second-stage burning ana 
be restarted in flight when the pree 
determined velocity is achieved. hi 
order to accomplish these objectives, ¢ 
stop-restart capability was incorporate 
in the programmer as part of the system 
The stop-restart circuit is so designed th 13 
the programmer will stop counting time 
when it is commanded to “‘stop” and wher 
a “restart” command is given it wili 
commence counting from the point | : 
which it stopped. The elapsed time 
between “‘stop’”’ and ‘‘restart’’ is not a 
by the programmer. With this capability, 
designed into it, the programmer can be 
commanded to “‘stop” just prior to the 
radio guidance command for engine cut 
off and then restarted at cut-off. This 
signals the initiation of the coast phase! 
The coast phase time varies from mis: 
to mission depending upon trajecto 
requirements. Fig. 3 is the first compl 
programmer which was used as the desigr 
proving model. 


Gyroscope ASSEMBLY : | 


The requirement for maintaining atti 
tude stabilization within a quarter 
degree for the pitch and yaw planes fo 
an extended period of time (15 min 
dictated the use of the MIG gyro. 
low drift characteristics (0.1 degree 
hour) of the MIG gyro insures that th 
vehicle will be capable of being reorient 
for the final velocity injection of the thi 
stage and payload without introducit 
an appreciable error. 

There are no rate gyros incorporated 
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the flight controller. Rate signals are 
nerated electrically by differentiating 
= position error signals from the gyros. 
nce the pitch and yaw gyros are being 
mmanded for a change in vehicle 
sition the differentiation also produces 
command rate error signal. This 
mponent of rate error is undesired in 
e circuit and is eliminated by subtract- 
g the gyro command, which is a rate 
a through an external loop. As the 

1 gyro is not commanded, no command 
te error component exists in the position 
ror signal. Therefore, no external sub- 
action is required in the roll channel. 
Incorporated in the gyroscope assembly 
ith the three gyros are a-c amplifier- 
“modulators, caging amplifiers, and a 
mperature control amplifier. The out- 
it of the a-c amplifier-demodulator for 
ch channel is a d-c signal of proper 
larity which is proportional to the 
-titude error of the vehicle. Because of 
1e low drift rates, and other tightly 
mntrolled properties of the gyroscope 
ssembly and its subassemblies, inter- 
aangeability of gyros, subassemblies, 
ran entire unit is attained for integration 
ito the system. 

A method for decreasing the number of 
smponents required and also for dis- 
‘ibuting the power requirements of the 
-phase a-c voltage is incorporated in the 
ignal excitation-demodulator reference 
ircuit. Normally a design will use the 
ame phase for the signal excitation 
nd the demodulator reference voltages. 
‘o compensate for the phase shift be- 
ween the signal excitation and the 
ricrosyn pick-off a phase shifting network 
; required in order to have proper phase 
elationship when the signal reaches the 
emodulator. An alternative method, 
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which is used in the gyroscope assembly, 
uses one phase of the 3-phase voltage for 
the signal excitation voltage and the 
line-to-line voltage of the other two 
phases as the demodulator reference 
voltage. The phase shift between the 
signal excitation and the microsyn pick- 
off is approximately 90 degrees and the 
resultant signal is either in phase or out 
of phase (for proper polarity) with the 
demodulator reference. 

The gyroscope assembly incorporates 
features that are both unique to the 
system and are improvements over 
known previous design of gyroscope 
assemblies. Some of the significant fea- 
tures are as follows. 

A spin-motor current-monitoring device 
is incorporated for each gyro which 
enables an operator to know that the 
gyros’ spin motors start when they are 
turned on. The gyros are mounted in a 
heater block for temperature control. 
The heater block acts as a heat sink, 
thereby decreasing the ‘‘on’”’ time for the 
heaters. A solid-state switching device 
is used in a single temperature control 
amplifier with the heater block. 

The MIG gyroscopes which are used in 
the gyroscope assembly incorporate the 
following features: a permanent magnet 
d-c torquer for accuracy and a drift trim 
which is separate from the command 
torquer. The signal generator excitation 
windings are in series which decreases the 
power requirements over previous parallel 
designs that would have the same input 
voltage. 

It was first believed that the a-c ampli- 
fier-demodulator could be used in a dual 
purpose, ie., for both the output and 
caging circuits. This amplifier was found 
to have too low a gain for the caging re- 
quirements. The amplifier that was de- 
signed is a differential d-c amplifier, con- 


Fig. 6 (left). D-c- 
d-c converter regu- 
lator 


Fig. 7 (right). 
Static inverter design 
proving model 
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nected across the torquer winding to pro- 
vide the caging signal. 

The possibility of damaging the gyros 
before the temperature of viscous fluid 
within the gyros is raised high enough 
to allow internal movement existed with- 
out a proper turn on sequence. A shear 
or tension force would be imposed upon 
the flex leads within the gyros because of 
the semisolid state of the viscous fluid if 
any physical movements occurred within 
the gyros. In order to obtain informa- 
tion regarding the sequence of applying 
power to both the heaters and the unit, 
temperature studies were conducted on 
the heater block with simulated gyros in 
the block. Through the results of these 
tests, a proper sequence for applying 
power and lock-out times were established 
that prevents damage to the gyros. Fig. 4 
shows the bench test setup used for con- 
ducting the temperature studies on the 
gyro heater block. 


ELECTRONICS PACKAGE 


The electronics package is used to shape 
the pitch and yaw error signals from the 
gyroscope assembly for system stability 
and amplifies the signals for proper engine 
gimbaling during the powered phase of 
flight. An external signal commands 
the change of control from the servo am- 
plifiers and the valve actuators to switch- 
ing amplifiers and solenoid valves for con- 
trol of the expenditure of helium for the 
coast phase. The roll error is shaped 
and fed into switching amplifiers for both 
the powered and coast phases of flight. 

The electronics package design is based 
on solid-state devices in order to minimize 
weight and power consumption. The 
major units in the electronics package are 
servo amplifiers, shaping network, switch- 
ing amplifiers, and a d-c-d-c converter 
and regulator. The use of silicon tran- 


Fig. 8. Flight controller units under test 


sistors in this unit insures meeting the 
anticipated temperature environments of 
the Delta Space Vehicle with ease. 

The flexibility in interchangeability of 
subassemblies is exemplified in the elec- 
tronics package. All of the units (servo 
amplifiers, shaping networks, etc.) are in- 
stalled on separate printed circuit boards 
which may be inserted into or removed 
from the electronics package with ease. 
A mother board is used for the inter- 
connection between boards and also pro- 
vides for the signal inputs and outputs. 
The possibility of inserting the wrong 
board into a particular position is elim- 
inated by the use of a simple keying 
method. If a board was inserted in the 
wrong position by force the pin arrange- 
ments are such that no electrical damage 
can be done to the board or the electronics 
package. 

In order to compensate for any varia- 
tions in the electromechanical valves an 
adjustment within the servoamplifier was 
required. Associated with this another 
adjustment in the servo amplifier was re- 
quired for gain control. The two adjust- 
ments appeared to be incompatible in 
the amplifier as the adjustment of one 
would cause limitations on the capability 
of the other. The interaction between the 
two adjustments was worked out with 
complete compatibility between them. 
The servoamplifier was breadboarded 
and environmentally tested with a valve 
under actual load as shown in Fig. 5. 

At the start of the program a com- 
mercial d-c—d-c converter and a regulator 
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I at ly, 


were considered for supplying the +20 
volts required in the operation of the elec- 
tronics package. Upon receipt of one set 
of these units from the vendor for evalua- 
tion and testing, it was discovered that the 
packaging, size, and performance did not 
meet the Delta requirements. 

An investigation was made into the 
possibility of designing and building a 
d-c—d-cconverter and regulator that would 
be compatible with the system and pack- 
aging design criteria for the electronics 
package. A circuit was designed and 
tested, and the results exceeded the re- 
quirements for the system operation. 

One other significant factor in changing 
to the new design is that the commerical 
unit utilized germanium transistors, and 
the time required to develop a commercial 
unit utilizing silicon transistors was ex- 
cessive. From a temperature standpoint, 
the Delta environmental conditions re- 
quire the germanium devices be operated 
at their upper limit, as compared with sili- 
con devices operating at a temperature 
well within their limits. Fig. 6 is the 
first production d-c-d-c converter and reg- 
ulator. 

The external signal from the gyro 
torquer circuit which gives commanded 
rate error signals was fed into a d-c 
amplifier in the electronics package. 
These rate error signals are used to cancel 
out the commanded rate error signals 
that appear in the attitude error circuit. 
The high input impedance required to the 
d-c amplifier and the inherent property of 
the amplifier to drift when the input is an 
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open circuit required modifications to thi} 
circuit. To eliminate any extrane 
error commands to the engines because 
the drift of the d-c amplifier, the outp 
is left as an open circuit until the gyros 
uncaged. Further investigation into 
circuit disclosed that the d-c ampl 
could be removed and a divider netwi 
could replace it. 7 

The required drop-out time (60 milli 
seconds maximum) of the solenoid valvyq 
and the allowable hysteresis (1.0%) of 
the switching amplifier presented a cha 
lenge in the design of the switching am 
fier. At the outset five different desi 
were tested and evaluated. Further 
vestigation into the design and test re 
of these five amplifiers eliminated th 
The remaining switching amplifiers 
fered basically in the approach to 
helium solenoid valve switching pre 
lem. 

One design was a 
amplifier with the output power tras 
istors in either the ‘‘on’”’ or “‘off” co di 
tion, and the other was a regeneratiy 
switch. Tests were conducted with bot 
amplifiers operating with a system uné¢ 
pressure and the results showed bo 
amplifiers performed the same. The two 
designs incorporated a spike suppression: 
diode and resistor circuit across the 
noid valve. The evaluation of the circui 
with and without the diode and resi 
installed disclosed considerable differen 
in drop-out time of the solenoid valy 
Without the diode and resistor install 
the drop-out time was well within the 
prescribed limit. A further investiga+ 
tion into the possibility of punch-throughi 
occurring in the switching transistors BD: 
the voltage spike generated by the 
ductive reactance of the solenoid pointed 
out that the diode and resistor could be 
removed. The switching amplifiers we 
‘operated continuosuly for more 12,06 
times without a diode and resistor im 
stalled with no depreciation in the trams- 
istor characteristics. The regenerative 
switch was finally selected based on it 
being the more reliable circuit of the 
two. 


straightforw. 1 


STATIC INVERTER 


Although Douglas Aircraft has had 
remarkable success in the use of unem 
closed rotary inverters for space vehicle 
the major reasons for utilizing a stat 
inverter in the design of the flight co 
troller were requirements for precisic 
frequency control, continuous duty cyel 
and minimum weight. Precision | 
quency control is required because of tl 
direct effect that it has on the transf 
function of the gyroscopes. Three-phai 
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Wer is Supplied to the spin motors which 
synchronous in operation. A change 
frequency will change the synchronous 
ed and thus change the transfer func- 
n of the gyroscopes. The continuous 
ty cycle requirement for the a-c power 
irce was dictated by the time duration 
flight. Rotary devices with the same 
ntinuous duty rating are heavier and 
l to meet the frequency control require- 
nts. 


The method of cooling the static in- 
rter was of prime concern because of 
= weight penalty that could be encount- 
-d. At first convection cooling was con- 
lered, but this proved to be too heavy 
d occupied too much space. A thermal 
alysis was performed for conduction 
oling that would utilize a slightly larger 
d thicker base plate. By increasing 
e area of the base plate 13 square 
ches and increasing the thickness to 
8 inch, conduction cooling of the static 
verter could be achieved. This reduced 
e weight of the unit by approximately 
1%. Fig. 7 is the production proving 
odel of the static inverter. 


System TESTING 


In order to check out the flight con- 
troller as a system and also as individual 
units a special test set was designed and 
fabricated. This design had to take into 
account the accuracies required of the 
flight controller and the tight tolerances 
on the readings to be taken. Consider- 
able care was taken in the design of the 
torquer circuit where an error of 0.25 
microampere would be greater than the 
allowable tolerance on the torquer current. 
The use of a digital voltmeter for voltage 
readings helped simplify the design of the 
tester and at the same time helped in- 
crease the accuracy in measuring a volt- 
age. This also reduces the operator set- 
up time and chances for operator error. 
Fig. 8 shows the first flight controller 
components installed in the test drawers 
of the test set. 

The first unit of each component of 
the flight controller was functionally 
checked and a first article test was per- 
formed on the system to verify the de- 
sign intent of the system. The com- 
patibility of all four units operating as 


a flight controller system was proved 
with only minor changes required to the 
units. The d-c—d-c converter in the elec- 
tronic package was found to be generating 
spikes of 60 volts peak-to-peak at a fre- 
quency of 2 ke. By installing a filter 
capacitor across the 28-volt input line 
this spike was reduced to less than 0.5 
volt peak-to-peak. There is no detri- 
mental effect upon the system with the 
spike limited to less than 0.5 volts peak- 
to-peak. 


Conclusions 


The design, development, and fabrica- 
tion of the four components that make up 
the flight controller progressed smoothly 
and rapidly. The major problems that 
were involved regarding interface prob- 
lems between units and as a system were 
solved with minor changes to the equip- 
ment and minimum time involved. The 
first article tests that were performed on 
the system proved that the basic design 
of the flight controller more than meets 
all expectations. 


A Controlled Rectifier Regulator for 
Aircraft D-C Generators in 
120 C Applications 
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iO SELF-EXCITE and regulate a d-c 

generator, a device is needed which can 
ary the current supplied to the shunt field 
* the machine so that regulated voltage 
sults over a wide range of speed and 
ad. In addition, it must provide some 
eans of load sharing when one generator 
ad its regulator are paralleled with one or 
ore identical systems. In 71 C (degrees 
ntigrade) ambient this can be accom- 
lished by a carbon-pile regulator or by a 
witching type of regulator using ger- 
anium transistors.! 
For 120 C ambient the need existed 
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for a reliable and accurate static regulator 
which would exceed the performance of 
existing 71 C regulators. The develop- 
ment of a regulator to do this was the 
design goal. 


Selection of Power Element 


The first problem was to find a suitable 
regulating element, one which could carry 
up to an 8-ampere average current at 
temperatures in excess of 120 C. Only 
semiconductors were considered, as the 
device was required to be static, and only 
silicon was considered because of the tem- 
perature range. This narrowed the choice 
to either silicon transistors or silicon-con- 
trolled rectifiers (SCR). As temperature 
was indeed a problem, thought was first 
given to the most efficient use of any 
semiconductor selected. To minimize 
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power dissipated in the regulating element 
itself, the switching rather than the linear 


-or proportional mode of operation was 


selected. In the switching mode, the 
device quickly passes through the high- 
dissipation zone where the product of 
current and voltage (hence power) is quite 
large. This greatly reduces the self- 
heating for a given device; a perfect 
switch with zero switching time would 
dissipate no power. 


SILICON TRANSISTORS 


A survey of silicon transistors available 
in early 1959 showed none capable of 
carrying the 8 amperes, although several 
5-ampere models were available. The de- 
vices could have been paralleled to handle 
the field current. However, this would 
have required the use of transistor drive 
circuitry, which would have involved 
additional losses. Their low usable cur- 
rent gain and high saturation resistance 
also causes inefficient operation, as con- 
siderable power is needed to turn and hold 
the devices ON, and even in the oN state 
considerable voltage drop and therefore 
power loss occurs. 


SILICON-CONTROLLED RECTIFIERS 


The SCR in its on state has a forward 
drop of about one volt, relatively in- 
dependent of current through it. The 
forward drop tends to decrease slightly at 
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higher temperatures. This means that 
less than one watt per ampere of field 
current is dissipated in the device. The 
gating power required by the SCR is 
negligible as it must be pulsed with only 3 
volts, 80 milliamperes, and it will stay on 
until it is turned off. Special turnoff cir- 
cuitry must be used to reverse the voltage 
across the SCR in order to restore its 
blocking properties at the end of each 
cycle. A single rectifier is capable of 
handling the full field current even at the 
elevated temperature. 


CHOICE OF POWER ELEMENT 


The over-all power gain and efficiency 
of the SCR are much better than those of 
the silicon transistor. This and the fact 
that only a single rectifier is needed to 
handle the maximum field current made 
it the overwhelming choice. The only 
disadvantage of the SCR is its thyratron- 
type turnoff characteristic. 


Selection of Power Circuitry 


A circuit was needed which could op- 
erate from a transiently variable direct- 
voltage power source and still achieve 
reliable commutation or turn-off of the 
SCR. Ideally, it would have minimum 
complexity, utilizing only one SCR. 
It would be capable of supplying any 
value of field current from less than 1 
ampere to more than 8 amperes. Several 
circuits were considered for this applica- 
tion. 


PARALLEL-INVERTER—MAGNETIC- 
AMPLIFIER CIRCUIT 


It was thought that perhaps a parallel 
inverter? could be used to supply a square- 
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Fig. 2. Series inverter 
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Fig. 3. Magnetic-controlled rectifier 


A—Circuit B—Waveforms 


wave alternating voltage and its output 
controlled and rectified by a magnetic 
amplifier, and then fed to the shunt field. 
This approach requires two controlled 
rectifiers and in addition all the power 
must be handled not only by the rectifiers 
but by the magnetic amplifier as well; 
see Fig. 1. For these reasons the ap- 
proach was quite heavy. Also, no ready 
means of turning off the inverter during 
low-voltage transients was seen. This 
feature would be necessary to prevent 
commutation failure of the inverter dut- 
ing momentary overloads. 


SERIES INVERTER 


The series inverter shown in Fig. 2 
looked quite promising as it used only one 
controlled rectifier, and it could easily be 
turned off during low-voltage transients. 
Referring to Fig. 2, the current operation 
is as follows: 

When the SCR is gated, current flows 
through L1, charging the capacitor’ C. 
The capacitor is charged to a voltage 
higher than £ because of the resonant 
overcharge supplied from the stored en- 
ergy of inductor L1. As the current in 
L1 tried to reverse, the SCR blocks, and 
the energy stored in the capacitor C is 
supplied to the shunt field. This circuit 
was investigated in breadboard tests, and 
(with one notable exception) was found to 
operate satisfactorily with reasonably 
sized components. The maximum aver- 
age field voltage obtainable was only 75% 
of that required. As no means for in- 
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sists of only three components, the co 


RESETING 
VOLTS- SECONDS 


creasing the field voltage was found, ft 
circuit was not considered further. 


MAGNETIC-CONTROLLED-RECTIFIER 
SWITCHING CIRCUIT 


It was the magnetic-controlled-rectif 
switching circuit invented by R. E. Mora 
gan of the General Electric Company’: 
general engineering laboratory.’ 
from Fig. 3(A) that this power circuit cot 


trolled rectifier SCR, the saturable 
rent transformer (SCT), and the turnofi 
capacitor C. The circuit operation is as 
follows: 1 
The capacitor C is charged to souree 
voltage E, as shown. When the SCR 
is gated, the charged capacitor is switch 2G 
across the unsaturated SCT so th 
terminal 4 is plus with respect to term ; 
3, and therefore terminal 2 is plus 
respect to terminal 1. This voltage on 
the primary (1-2) then adds to so roe 
voltage as can be seen in Fig. 3(B) ont the 
field voltage Vy; The capacitor will 
supply energy to the field until time } 
when its voltage goes through zero. 
this point there is no voltage across the 
SCT windings and V;=E. The SCR 
current has been dividing in the SCT 
cording to its turns ratio, the majo: 
flowing into the field. 
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After time 5, current continues flowing 
into C, charging it in the reverse direction. 
The voltage across the transformer wind- 
ings (see plot of secondary 4-3 voltage) has 
reversed. After sufficient volt-seconds 
(time c), the SCT will saturate sharply, 
switching the charged capacitor across 
the SCR with the polarity to turn it off. 
After commutation, current will continue 
to flow through C recharging it to #. As 
the shunt field is highly inductive, the 
charging occurs in a constant current or 
linear manner. C will tend to over- 
charge slightly, owing to the after- 
saturation inductance of the SCT. When 
the charge current tries to reverse, the 
SCT will come out of saturation and the 
small overvoltage on C will slowly reset 
the SCT core. Note on the plot of 
secondary voltage that any area above 
zero constitutes resetting volt-seconds. 
If the gate is again triggered before slow 
reset has been completed, additional re- 
setting will be supplied by C. There, 
volt-seconds occur in the next cycle during 
the interval a to b. 

At this point, it is important to note 
that in some manner, sufficient reset must 
be obtained for each cycle. If capacitor 
C is not allowed to recharge prior to 
gating, the SCT may saturate before 
enough ampere-seconds have been stored. 
These ampere-seconds are needed to de- 
tour the load current around the SCR for 
at least 20 microseconds during turnoff. 
Failure could occur on the first cycle of 
operation as well as at any time ‘“‘head-to- 
toe’”’ pulses are being called for. It was 
also found that an input £& of at least 10 
volts is needed for reliable commutation 
at any gating frequency. These limita- 
tions necessitate the use of logic circuitry 
to be discussed later. 

This circuit supplies a relatively con- 
stant pulse to the field each time that the 
SCR is gated. The charge time from c to 
d varies inversely with the field current 
level, but causes less than a 2-to-1 varia- 
tion in over-all pulse width. 

The circuit was tested and found to 
supply more than enough average field 
voltage. Its component simplicity and its 
efficiency also made it attractive. For 
these reasons it was selected for use in this 
application. 


Circuit Approach on Block Diagram 
Level 


Once the basic power circuit was 
selected, an over-all circuit approach had 
to be developed. The over-all circuit must 
satisfy the gating requirements of the 
power circuit, supplying pulses at varying 
frequency, in order to regulate the output 
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voltage. To obtain equal sharing of the 
load by paralleled generators, it was also 
necessary to have control superimposed. 
on the voltage-regulating system, which 
would raise or lower the field excitation 
of each generator to obtain load sharing. 
In conventional systems, this is accom- 
plished by maintaining equal voltage 
drops across low resistances in series with 
the armatures of each machine. These 
resistances could be separate shunts or 
portions of the generator series fields. 
The low-voltage low-impedance signals 
thus obtained are normally applied to the 
equalizing windings of carbon-pile regula- 
tors. These signals are more easily used 
as current inputs such as are applied to 
the control coils of magnetic amplifiers. 
The use of transistors in this low-level 
circuitry tends to be complex, and subject 
to thermal drift; it therefore was not 
used. This dictated the use of a small 
magnetic amplifier, which in turn requires 
an alternating voltage source. 

Fig. 4 is a block diagram of the circuit 
approach selected. The over-all circuit 
operation is as follows: Assume that the 
output voitage is slightly high. The 
sensing circuit would compare the output 
voltage with a Zener diode reference and 
feed an error signal to the magnetic ampli- 
fier, reducing its output voltage. This 
reduced output voltage would slow up the 
variable frequency oscillator, which would 
then supply a lower frequency pulse 
train through the pulse amplifier to the 
power circuit. This in turn would reduce 
the shunt field current and therefore the 
output voltage. In a similar manner, 
when a generator is carrying more 
than its share of the load current, a signal 
is fed to the magnetic amplifier reducing 
its excitation to equalize the division of 
load. 


Detailed Circuit Operation 


To examine the circuit operation, refer 
to the circuit diagrams shown in Fig, 5. 
Terminal C of the regulator is connected 
directly to the point of regulation, pro- 
viding remote sensing independent of drop 
in the generator feeder. R17 is included 
to supply a secondary sensing path to 
avoid ceiling excitation in case the re- 
mote-sensing lead should be accidentally 
opened, 

The resistive network R14, R15, and 
R16 forms a divider supplying the proper 
voltage level for comparison with the 
Zener voltage reference, REC18, The 
control coil of the magnetic amplifier is 
placed between the reference and the 
divider, thereby receiving the error signal. 
A current limit circuit formed by REC19 
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and R13 prevents the magnetic ampli 
from being overdriven into ‘“backsided 
operation”’ by overvoltage transients. Ay 
center-tap-connected magnetically cot-. 
pled multivibrator is used to supply ‘ 
square-wave output to the magne qd 
amplifier. The d-c input voltage to if 
multivibrator is regulated by a 50-wati 5 4; 
Zener diode, REC17. | 

The volt-second characteristic of the: 
core and the input voltage were selected 
so as to give a constant-frequency 4-ke 
constant-amplitude square wave on each i 
of the 72 windings. The voltage on 2 | 
winding 7-9 is rectified by REC15 and 16 j 
and supplied to base 2 of the unijunction 
transistor. In addition it is rectified by 
REC11 and 12 to supply negative bias to 
transistor Q1. Third, 72 supplies the : 
alternating current for the magnetic am= 
plifier SX7. As the magnetic amplifie \ 
has a capacitive load, an exciting current | 
path is supplied through R6 to ground, | 
REC10 decouples from the capacitive 
load whenever necessary to maintain | 
the exciting current path. 

The output of the magnetic amplifier is 7 
then fed into a relaxation oscillator formed 
by the unijunction transistor Q2, the 


q 


capacitor C6, and the charging resistor R1. | 
tT 


ew nety 


Bios 


The filter R3-C7 was inserted to supply 
additional smoothing, but it is not essen= 
tial for circuit operation. The character- j 
istic of the unijunction transistor is such 
that with a constant voltage imposed 
from base 2 to base 1, very little emitter 
current will flow until the emitter is — 
raised above base 1 potential to approxi. 
mately 7/10 of the base-to-base voltage. 
If this point is exceeded, the transistor will 
“fire,” quickly discharging C6 into the 
base of transistor Q/. Transistor Q1 isa 
pulse amplifier, its output being trans | 
former-coupled through 71 into the gate — 
of the controlled rectifier. The frequenc | 
of the relaxation oscillation is determined _ 
by the charging time constant R1-C6 and 
by the magnetic-amplifier voltage fed into 
the circuit. : 

Assume for the moment that the output 
voltage is high. Current would be flow- 
ing from F2 to Fl in the magnetic ampli-_ 
fier in such a direction as to turn it off. 
In this case, the output voltage to the 
magnetic amplifier would be reduced, and 
and the relaxation oscillator would run at 
a lower frequency. This would decrease 
the average ON time of the controlled 
rectifier, also reducing the average shunt 
field current. This would in turn reduce 
the output voltage until the proper level 
was again reached. Adjustment of this’ 
level can be made by varying the divider | 
resistor R15, 
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oltage from its residal (permanent mag- 
etism) value to the 28-volt regulated 
a is accomplished by relay K1, which 
mnects the field across the armature 
roviding a minimum resistance path. 
t was felt that reliable build-up could not 
e secured with silicon semiconductors 
yecause of their high forward-voltage 
irop. During build-up, when about 15 
rolts have been reached, current will flow 
hrough the Zener diode RECI, and 
hrough the operating coil of K1 relay to 
ick it up. Both sets of Ki contacts 
vill switch, transferring the shunt field 
“uurrent to the ‘‘free-wheeling”’ diode REC6 
ind also connecting the relaxation oscilla- 
or input for normal operation. Note 
that prior to K1 pickup, the capacitor C4 
s essentially short-circuited through the 
SCT and the choke Li. There is suffi- 
cient time delay between the operating of 
relay Ki and the first gating pulse for 
capacitor C4 to receive an initial charge in 
excess of 10 volts. This eliminates com- 
mutation failures at start-up. 

Additional logic imposed on the relaxa- 
tion oscillator should now be examined. 
Another limitation of the power circuit is 
that its operation becomes unreliable with 
input voltages of less than 10 volts. The 
voltage levels in the relaxation oscillator 
were so arranged that the emitter of the 
unijunction transistor had to charge 
above the 11 volts in order to fire. The 
emitter was then connected to the power 
circuit supply voltage through REC3. 
If for any reason the input voltage should 
drop below 10 volts, the capacitor C6 
would be immediately discharged, pre- 
venting further gating until the input 
voltage rose above 10 volts. 

A third precaution necessary in gating 
the power circuit is that the control 
rectifier must not be triggered again until 
it has completed its prior cycle, the 
turnoff capacitor recharging to the source 
voltage. To obtain the maximum field 
current required, it is necessary that we 
be able to place the field voltage pulses 
“head to toe,’ but we must be sure not to 
gate the control rectifier while it is still 
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conducting, or while current is flowing 
through the SCT to the shunt field. 

This is also the period of time while the 
field voltage is positive. All that is neces- 
sary to meet the third power circuit 
limitation is to prevent the wnijunction 
transistor Q2 from firing while the field 
voltage is positive. This bit of logic is 
accomplished by means of Zener diodes, 
REC4, 7, and 9. REC9 clamps the 
emitter voltage such that the Q2 cannot 
fire when a voltage which is the sum of 
the breakdowns of REC4 and 7 appears on 
base 2 of Q2. However, if the base 2 volt- 
age is reduced to the breakdown of REC4 
only, then Q2 can fire. Note that the 
mid-point of the voltage divider formed 
by REC4 and REC7 is tied directly 
through a diode to the field voltage as 
seen on the free-wheeler REC6. When 
the field voltage is negative as it is during 
the free-wheeling interval, the mid-point 
between REC4 and REC7 is at ground 
potential. This means that a lower volt- 
age appears on base 2 and the Zener clamp 
REC9 is not effective and the relaxation 
oscillator can function normally. 

When the field voltage is positive, REC5 
will block and the base 2 voltage will 
merely be the sum of the breakdown 
voltages of REC4 and 7. As mentioned 
earlier, REC9 will clamp the emitter at a 
low enough voltage to prevent Q2 from 
firing. In this manner head-to-toe field 
voltage pulses can be obtained, and at 
the same time failure of the power circuit 
prevented. 

This generator and its regulator can be 
paralleled with any number of similar sys- 
tems. The load division is accomplished 
by the magnetic-amplifier winding F5-F6, 
and the adjustment resistors R7 and R&. 
Its performance is directly analogous 
to the load division in a carbon pile regu- 
lator system or the system used in a 71 C 
d-c regulator. 

To obtain adequate system stability 
without the sacrifice of regulation ac- 
curacy, the stabilizing choke L3 was con- 
nected across an additional magnetic- 
amplifier control winding. This pro- 
vides adequate system phase margin with 
only minor sacrifice of transient response, 
The servo analysis of this type of stabiliza- 
tion is included in reference 1. ; 

A 5-microsecond dip in generator out- 
put voltage was noticed each time the 
SCR was gated. The sharp step of cur- 
rent drawn by the SCR was causing the 
voltage to appear transiently across the 
impedance of the generator and not at its 
terminals. The input filter C1-L1-C2, 3 
was added to supply the needed field cur- 
rent transiently and prevent the genera- 
tor voltage from dipping. The input filter 
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Fig. 7. The unit 


and the field voltage filter L2-C5 also 
serve to attenuate radio-interference volt- 
age generated by the fast switching. It 
is interesting to note that any load equip- 
ment using fast-rise switching circuits, 
i.e., inverters, will chop the generator 
voltage in the same manner unless filtering 
is added to draw relatively constant cur- 
rent from the generator. Radio-inter- 
ference requirements may demand even 
greater filtering than that needed to 
minimize ripple voltage. 


Packaging and Thermal Design 


From the start, it was evident that the 
SCR and unijunction transistor would 
have to be operated quite close to their 
maximum temperature ratings. It ap- 
peared that some field current derating 
might be required in 120 C ambient and, 
in any case, a careful job of thermal 
design was necessary. A general ap- 
proach was evolved in which all but 
the thermally critical components were to 
be placed in a “hot” section. The 
critical components were to be thermally 
isolated from the hot section by means of 
a foam compound. Metal-to-metal con- 
tact between the two sections was 
avoided by using epoxy resin blocks to 
supply the mechanical connection. 

The SCR had to be electrically isolated 
from the case of the section in which it 
was mounted, but it had to have 
low thermal drop to the finned heat sink 
mounted on the outside of its section. 
This was accomplished by threading the 
controlled rectifier into a 21/.-inch-square 
plate of 1/4inch aluminum. The plate 
was insulated from the case by a 3-mil 
sheet of mica. This resulted in a 
less than 3-degree rise of the control 
rectifier stud above the heat sink at the 
maximum field current. The hot section 
containing 75% of the weight was placed 
on the bottom of the unit. The higher 
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temperature of this section increased the 
radiation efficiency to allow better heat 
rejection. The top unit was quite light 
and it could therefore withstand the 
specific shock and vibration environment 
without the need for heavy mounting. 

The thermal isolation allowed a steady- 
state temperature differential of about 5 C 
between the top and bottom halves, but 
its real advantage was in transient isola- 
tion. 

Referrring to Fig. 6, note that the 
regulator can supply an 8-ampere field 
current for one hour at 120 C ambient; 
its steady-state rating 120 Cis 7 amperes. 

The completed unit mounts within the 
envelope of the carbon pile regulator and 
does not require shock mounts; see Fig. 
7. Electric connections are made through 
a single connector. The over-all weight 
is about 61/, pounds. 


Comments on the Development 


The rather complex control circuitry 
was required in order to use the magnetic- 
controlled rectifier power circuit. The 
use of a saturating core to obtain reliable 
commutation justifies the added com- 
plexity of these signal-level circuits. The 
complexity was compounded by the re- 
quirement for self-build-up and by the 
possible presence of low-voltage tran- 
sients. Care was taken throughout the 
development of the regulator to meet sys- 
tem requirements which are filled by the 
carbon-pile type of regulator, but which 
are not included in present specifications. 


Conclusions 


The development of this regulator 
clearly demonstrates that an SCR and its 


rl 


associated circuitry can be used in 12 0cd 
ambient to regulate d-c aircraft genera- 
tors. 


Tests have proved that the regulat 
exceeds the performance da by a 


later of this type, using all silicon ey 
vices, can provide more than ade} 
quate performance in advanced aircraft4 
requiring 120 C operation. . 
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which in turn will produce pulsations of 
generator torque. This pulsating torque 
is presented to the drive as a load. Sys- 
tem synthesis requires a quantitative 
evaluation of the effect of speed modula- 
tion on the load voltage. It is therefore 
necessary to relate the effect of speed 
modulation to the transfer function of the 
electric power system. The open-loop 
system transfer function is generally used 
in the study of system performance with 
respect to voltage regulation and load 
changes. The objective is therefore to 
express the effect of speed modulation on 
system performance quantitatively 
through use of the open-loop transfer func- 
tion of the electric power system. 


Open-Loop System Transfer Function 


The electric power system is represented 
by the block diagram of Fig. 1. The 
diagram contains only one block G, which 
corresponds to the open-loop transfer 
function of the electric part of the power 
system at rated speed. G also contains 
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terms representing the load connected to 
the generator. It represents, therefo ‘ A 
the open-loop trransfer function of am} 
electric power system including voltage 

regulator, exciter, generator, and load, | 
The output variable of this block, vz, cor - 
responds to the load voltage at rate ed | 
speed. | 

As the generator voltage changes pro= 
portionally with speed, the load voltage } 
at rated speed is multiplied by the per-unit ; 
speed n. The voltage across the load of 
is therefore equal to the voltage at bas 
speed vz» multiplied by the per-unit speed 
n. This speed shall be the speed at the 
drive shaft of the generator or, better, 
since the drive shaft is not infinitely ra 
it shall be the relative speed of rotor and 
stator in the air gap. This definition 
eliminates the need for consideration of - 
interaction between the electric system 
and the drive at this time. It is equivalen 
to the assumption of a zero-impedance 
drive with a stiff drive shaft. 

In general, electric power systems are 
not represented by a simple block dia: 
gram, as Fig. 1. Normally, several 
feedback loops exist throughout the sys-_ 
tem. However, by manipulation it i 
possible to represent any power system in 


n 


Vv t 


Fig. 1. Block diagram indicating effect o 
speed on load voltage for electric power 
system 
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g. 9. Effect of speed changes on open- 
op transfer function of electric power 
system 


1e form shown in Fig. 1. The system 
juation, written with all variables being 
inctions of time, is 


At) =G(p)e(t) Xn(t) (1) 


see references 1 and 2) in which G(p) 
the system transfer function expressed 
1 Operational form in the time domain. 
(p) is the ratio of two polynomials in 
of order 7 and k, where stands for the 
ifferential operator d/dt. To facilitate 
he analysis, it will first be restricted to 
inusoidal speed modulation around rated 
peed m=1. The instantaneous speed 
; then given by 


(t)=m+A cos ut AKno (2) 


In practice, sinusoidal speed modula- 
ions will be encountered most fre- 
ently. Analysis of this special case 
vill provide sufficient insight into the 
ffect of speed modulation to allow the 
nvestigation of system performance 
vith respect to arbitrary disturbances 
n speed. The effect of sinusoidal speed 
nodulation is given by equations 1 and 2: 


u(t) =mG(p)e(t) +A (cos ut)G(p)e(t) (3) 


System synthesis requires the system 
ransfer function to be given in the fre- 
jmiency domain; this is accomplished by 
aplace transformation of equation 3. 
The transformation, given in Appendix I, 
esults in an open-loop system transfer 
unction, which includes the effect of 
peed modulation as follows: 


E(s—ju) Pet | (4) 


Acts] QE(s) *  2E(s) 


The nature of the open-loop transfer 
unction given in equation 4 indicates 
hat speed modulation introduces a non- 
inearity into the system. It also shows 
hat the frequency spectrum is translated 
n both directions by an amount u, as 
ndicated by the two side-band frequencies 
s—ju) and (s+ju). This frequency 
ranslation is similar to the spectrum of 
mn amplitude-modulated wave with a 
uppressed carrier. 
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Discussion of Open-Loop Transfer 
Function 


The first term in the open-loop transfer 
function of equaton 4 corresponds to the 
system transfer function at a constant 
base speed m. The second term ac- 
counts for the effect of a sinusoidal speed 
modulation with an amplitude A. For 
reasons of discussion it shall be assumed 
that the electric power system has an 
open-loop transfer function G(s), meas- 
ured at constant base speed, as shown in 
Fig. 2. The curve of Fig. 2 represents 
the Nyquist diagram of the electric 
power system in the s-plane with fre- 
quency as parameter. Most electric 
power systems will have transfer func- 
tions of the same general shape as the 
one shown here. The following discus- 
sion, however, is not restricted by the 
shape of the system transfer function. 

The closed-loop frequency response 
V,/Vz can be found from the open-loop 
transfer function by well-known tech- 
niques. To facilitate the analysis of the 
expression for the open-loop transfer 
function (equation 4) a second curve has 
been drawn in Fig. 2, equal to A G(s). 
A is a constant and corresponds to the 
amplitude of the sinusoidal speed modula- 
tion. Since rated speed m equals 1 per 
unit, the magnitude of A is small with 
respect to 1. A isa real number and the 
transfer function A G(s) is therefore ob- 
tained by shrinking the open-loop transfer 
function G(s). The frequency scale re- 
mains unchanged. Three special cases 
are next considered: 


CASE 1 


In the first case, it is assumed that the 
speed has been increased from m to m+A. 
The speed is constant and no sinusoidal 
modulation exists: i.e, w=0. As a re- 
sults, the content of the parentheses in 
equation 4 becomes equal to 1 and equa- 
tion 5 reduces to 


Vils) 


E(s) =mG(s)+AG(s) (5) 


The open-loop transfer function for this 
speed is obtained by adding the vector 
OD to the vector OC at each frequency, 
as shown by the dotted line. An increase 
in speed can be represented by blowing 
up the curve G(s) representing the open- 
loop transfer function at base speed. 


CASE 2 


For the second case, assume a steady- 
state decrease in speed ton=n—A. The 
open-loop transfer function for this speed 
is found as before, by subtracting the 
vector OD from the vector OC, resulting 
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Fig. 3. Vector locus of open-loop transfer 
function of electric power system with sinu- 
soidal speed modulation 


in a transfer function corresponding to the 
dash-dotted line of Fig. 2. This curve 
is obtained by shrinking the open-loop 
transfer function G(s). 

The results obtained here for a steady- 
state change in speed are obvious. The 
voltage gain of the generator is directly 
proportional to speed and the range of 
the open-loop transfer function for steady- 
state changes in speed as shown in Fig. 2 
could have been derived by inspection. 
However, in the case of sinusoidal speed 
modulation “+0, the process is not as 
simple. 


CASE 3 


In the third case the open-loop transfer 
function will lie within the band estab- 
lished by the maximum and minimum 
value of speed n=m+A. In addition, 
there will be an effect from the side-band 
frequencies wu which let the end of the 
vector OC describe a circular path; 
see Fig. 3. This circular path will be 
bounded by the upper and lower limits 
obtained from the steady-state character- 
istics for n=m+A, and by boundaries in 
the direction of frequency established by 
the sum and difference frequencies w+u. 


System Stability 


The above discussion indicates that 
speed modulation will definitely affect the 
stability of the power system and may 
very well change the stability margin of 
asystem. As the magnitude of the speed 
modulation increases, the open-loop trans- 
fer function shown as a solid line in Fig. 2 
changes to a band in the complex plane 
as indicated in Fig. 3. As the fre- 
quency of speed modulation increases, 
the vector locus of the open-loop transfer 
function moves on a spiral along the 
frequency scale. 

The proximity of the open-loop transfer 
function to the point (—1) indicates the 
relative stability of a closed-loop control 
system. Fig. 3 indicates that the dis- 
tance to the point (—1) has definitely 
been changed by the speed modulation 
and it is possible that the vector locus 
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will encircle the point (—1) if the magni- 
tude of speed modulation is sufficient. 
This can cause the system to become 
unstable. 


Equations for Speed Modulation and 
Voltage Modulation 


The effect of speed modulation on load 
voltage can be found by evalution of the 
closed-loop transfer function from Fig. 3. 
However, the process is very tedious 
since the closed-loop transfer function 
must be determined point by point. It is 
therefore desirable to derive this func- 
tional relationship analytically. 

The equations for the system of Fig. 1 
can be written by inspection 

n(t)G(p) 
vx(t)=vR I+n()G(p) (6) 
where G(p) is the transfer function ex- 
pressed in operational form, and # repre- 
sents d/dt. 

The equation for the load voltage at 
rated speed »=m=1, again written in 
the time domain, is given by 


G(p) 
1+G(p) 


The magnitude of voltage modulation 
is given by the ratio of equations 6 and 


vz0(t) =Up 


(7) 


AC) 
vzo(t) 


_n()1+G(p)) 
1+n(t)G(p) 


The effect of speed variation on the 
load voltage can be represented by the 
total differential of load voltage with re- 
spect to speed. (It shall be assumed that 
the open-loop transfer function G(p) 
is independent of speed.) 


Uvr/orm) 1+G(s) 
dn [1+-n(t)G(p)]? 14+-n(t)G(p) 


The approximation of equation 9 is 
justified if variations in speed are re- 
stricted to near unity: 

Again, consider sinusoidal speed mod- 
ulation around rated speed m as defined 
by equation 2. Transformation of equa- 
tion of equation 9 from the time domain 
into the frequency domain results in a 
transfer function of the electric power 
system relating voltage modulation; see 


(8) 


(9) 


Appendix II. This transfer function is 
(with v,/vz0=v) 
VAC Ns 2 oA 
Ms) 1+mG(s)+1/24G(s)X (10) 
(% —ju) aoe) 
V(s) V(s) 


The nonlinear character of the system 
may be seen by inspection of the right- 
hand side of equation 10, which contains 
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the variable V(s). In general we are in- 
terested in the amplitude ratio of voltage 
and speed modulation for a speed modula- 
tion at constant frequency. Here s=ju 
and the transfer function of equation 10 
reduces to 


V(u) 1 
Nu) 1-+-mG(s)-+1/24G(s) x (ey) 
(#2 res) 
Vu)? V(u) 


Equation 11 reveals that the nonlinear- 
ity in the denominator is determined by 
the two side-band frequencies. This 
term corresponds to the voltage ratio at 
zero frequency to the voltage at frequency 
u plus a term representing the ratio of 
voltage at twice the frequency and the 
base frequency u. If the system is 
operating in a frequency modulation range 
where the terminal voltage is constant 
and independent of frequency, i.e., where 
the closed-loop frequency response is flat 
over a given frequency range, the term 
in brackets reduces to 2. 

With this assumption, and since m=1, 
and A<<m, the transfer function of 
equation 11 reduces to the following sim- 
ple term: 


V(s) i 


Ns) 1+G(s) 


(12) 


Equation 12 represents the ratio of am- 
plitude to frequency modulation which 
can be expected in an electric power 
system. 


Voltage-Speed Transfer Function 


Equation 12 indicates that the ratio 
of voltage to speed modulation is deter- 
mined by the open-loop transfer function 
of the electric power system. Referring 
to Fig. 2, the voltage-speed transfer func- 
tion is given by the reciprocal of the 
vector AB. As u increases, AB describes 
the following locus. 

At low frequencies the vector is large. 
Its amplitude decreases, with increasing 
frequency, reaches a value of 1, decreases 
to values smaller than 1, and reaches a 
minimum at a point where the open-loop 
transfer function is closest to the point 
(—1). As the frequency increases fur- 
ther the vector AB increases in magnitude 
and finally reaches a value equal to 1 at 
infinite frequencies. The ratio of voltage 
to speed modulation according to -equa- 
tion 12 is given by the reciprocal of AB. 
The magnitude of voltage modulation 
caused by speed modulation is very small 
at low frequencies, and increases as the 
frequency increases approaching one at 
high frequencies. Fig. 4 is a sketch of the 
voltage to speed transfer function corre- 
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AMPLITUDE RATIO OF VOLTAGE 
TO SPEED MODULATION 


° 


FREQUENCY OF SPEED MODULATION 


Fig. 4. Amplitude ratio of voltage and speec 
modulation as function of speed modulatia 
frequency 


sponding to an open-loop transfer fune Ft 
tion as shown in Fig. 2. 

Results of Fig. 4 can be interpret 
easily. The regulator is capable of pro- 
viding corrective signals to the genera or 
at very low frequencies so that the effect 
of speed changes does not affect the term 
inal voltage. As the frequency increases, , 
the voltage regulator becomes less and 
less capable of correcting for the changes 
in speed. At high frequencies the volf 
age regulator has lost completely its 
capability to correct for speed modula- 
tion on the system. The magnitude of 
speed modulation manifests itself directl 
at the load voltage of the generator with @ 
1-to-1 ratio. 

At some intermediate frchictte th j 
possibility exists of amplification of 
magnitude of speed modulation which 
manifests itself as load voltage mod 
tion. The amount of amplification can be 
estimated from the open-loop transfer 
function as indicated in Fig. 2. The 
amplification will be the higher, the closer - 
the open-loop transfer function comes to 
the point (—1). However the proximity 
of the open-loop transfer function wi 
respect to the point (—1) is also an ine 
dication of the stability margin. The 
closer the open-loop transfer function 
approaches the point (—1), the more 
oscillatory the system will be. In addi 
tion, the oscillatory character of the sys i 
tem in the vicinity of the point (—1) ex 
plains the magnification of speed modula- 
tion in a frequency band around the unit . 
crossover frequency, as shown in Fig. 4. 

In practice, specifications on transien i 
response time after load disturbances, 
require the system to have damping face . 
tors between 0.2 and 0.7. These wil 
result in amplification factors for voltage 
modulation approximately between 1 ant 
3. Ifsystem requirements specify voltag 
modulation of less than 1%, then 
speed modulation introduced from 
prime mover must be smaller than 0.3% a 
frequencies around the closed-loop res¢ 
nant frequency. Additional ine 
tion is possible through mechanical t 
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(A) 


a5. 
tem. A—Open-loop. B—Torque-speed 


mal resonance of the drive shaft. Am- 
ification factors between 2 and 5 have 
en measured under different conditions 

an aircraft power system developed 
cently. 


juations for Torque Modulation 


Consider again the simple electric 
wer system of Fig. 1. Speed varia- 
ms will result in load voltage modula- 
on, which in turn will cause pulsation of 
e generator torque. The objective of 
is analysis is to determine the functional 
lationship between torque pulsation 
1d speed variation. 
The torque demanded by the generator 
given by the output power divided by 
ie instantaneous speed. If we restrict 
ie analysis to resistive loads on the 
stem, the following equation holds for 
le torque: 
a vy? 1 


=- — = - vi, =Vpotz 
n 


n Rr is) 


The subscript zero refers to quantities 
; base speed. Equation 13 for torque 
sumes that no additional losses occur 
the generator or other components of 
ie electric power system. In other 
ords, the efficiency of the electric power 
stem is assumed to be 100%. This 
sumption, although crude, will produce 
1 insight into the transfer function of 
que versus speed. The torque shall 
> expressed in relationship to the torque 
- base speed m= 1: 


v 2 


=p a UusiLn (14) 
The load voltage at rated speed and 
yeeds different from rated in terms of 
e transfer function G(p) and expressed 
the time domain was given by equations 
and 7. 

Squaring and inserting into equations 
3 and 14 gives the ratio of torque at any 
yeed to the torque at rated speed as a 
inction of time: 
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Transfer function of electric power sys- 


T(t) __vi(t) 
T(t) (t)vz0(t)? 


[1+G(p)]? 
[1+-n(t)G(p)]? 


To obtain the effect of speed on torque, 
equation 15 must be differentiated with 
respect to speed mn. (The open-loop 
transfer function G(p) is assumed to be 


=n(t) (15) 


independent of speed.) 
d(T /To) 1—n(t)G(p) 
——- =|] y 
ee eae 
1—n(t)G(p) 
renna(e) “° 


Since speed modulations are of rela- 
tively small magnitude, the instantane- 
ous per-unit speed will be near unity 
and the above approximation is justi- 
fied, 

Again, consider sinusoidal speed mod- 
ulation around rated speed as defined by 
equation 2, Transformation of equation 
16 from the time domain into the fre- 
quency domain results in a transfer 
function of the electric power system re- 
lating variations in generator air-gap 
torque to speed modulation; see Appendix 
Ill. This transfer function (defining the 
torque ratio T/T)=T) is given by 


T(s)_1—G(s) 


Ms) 1+G(s) G2 


This equation indicates that torque 
modulation caused by sinusoidal speed 
modulation is represented by a non- 
minimum phase function; the properties 
of this function will be investigated 
next. 


Torque-Speed Transfer Function 


If an electric power system is driven by 
its prime mover at a nonuniform rate, 
the torque demanded by the generator 
from the prime mover will not be constant. 
The torque will be a function of the 
instantaneous speed of the prime mover 
and also a function of the frequency spec- 
trum of the prime mover’s speed of rota- 


tion. This relationship expressed in the 
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MAGNITUDE 


UNITY 
CROSSOVER 
FREQUENCY 


FREQUENCY 
OF SPEED 
MODULATION 


(B) 


frequency domain is given by equation 
Li 

The following may be said by inspec- 
tion: G(s) is equal to the open-loop trans- 
fer function of generator, exciter, and 
voltage regulator. Because of other 
system requirements, G(s) will be large 
at low frequencies and will approach 
zero if the frequency approaches infinity. 
The ratio of torque to speed modulation 
will therefore almost equal 1 at low fre- 
quencies and will equal 1 at high fre- 
quencies, according to equation 17. The 
phase angle at low frequencies approaches 
—180 degrees, and zero degrees at high 
frequencies. 

The behavior of the transfer function 
in the intermediate frequency range can 
best be visualized by use of the system 
open-loop transfer function G(s) shown 
in Fig. 5(A). Equation 17 can be inter- 
preted in terms of this graph. For a 
specific frequency the numerator term 
is given by the vector BC connecting the 
open-loop transfer function locus with the 
point (+1). The denominator term is 
given by AB connecting the point (—1). 
with the open-loop transfer function 
locus. The torque to speed ratio at any 
frequency u is given by the ratio of these 
two vectors. 


=—— (18) 


When the frequency of speed modula- 
tion approaches the unity crossover fre- 
quency of the subsystem, AB becomes 
smaller than unity and the ratio of torque 
to speed according to equation 17 be- 
comes larger than 1. A sketch of the 
complete transfer function for the torque 
to speed ratio is shown in Fig. 5(B). 
Fig. 5(B) indicates that the torque de- 
manded by the generator from the prime 
mover can increase considerably in a 
frequency range around the unity cross- 
over frequency of the electric power sys- 
tem. Two examples will show the ap- 
plication of this method. 
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The open-loop transfer function of the 
electric power system is assumed to corre- 
spond to a first-order system. The gen- 
erator is represented by a single time 
constant equal to a field time constant of 
T=0.16 second. The voltage regulator 
is assumed to be ideal and the steady- 
state open-loop gain of the regulator- 
generator combination shall equal 5. 
With these assumptions, the open-loop 
transfer function is given by 


Gs) = 


1 
1+sT co 
Inserting equation 19 into equation 
12 will yield the transfer function for 
voltage modulation as a function of speed 


modulation. This transfer function is 
given by 
Vise Bless G1 14sT 
Ms) 1+G(s) 1+K 1+sT/(1+K) 
1 1+0.16s 
~ 6 1+0.027s go) 


Equation 20 indicates that the ampli- 
tude of voltage modulation for a given 
amplitude of speed modulation at low 
frequencies is attenuated by the factor 
1/(1+K)=1/6. The final value theorem 
of Laplace transform shows that this ratio 
approaches 1 for high frequencies. 

Inserting equation 19 into equation 17 


u) 
1} [taba 


T( 
N 
~ 


“6 


MODULATION, | 


RATIO OF TORQUE TO SPEED 


(A) 


0.5 | 5 I 
FREQUENCY OF SPEED MODULATION, CPS 


will produce the transfer function for 
torque modulation as function of speed 
modulation. This transfer function is 
given by 
Ts) AaG() Sisk 1+sT/(1—K) 
Ms) 1+G(s) 1+K 14+sT/A+K) 
4 1—0.04S 
i 6 10.078 


(21) 


An electric power subsystem having a- 


transfer function according to equation 
19 has been simulated on an analog com- 
puter according to the block diagram 
shown in Fig. 1. Speed modulation was 
simulated by a sinusoidal disturbance into 
the multiplier on the analog computer. 
This multiplier was located on the com- 
puter setup as indicated in Fig. 1. 
Torque was calculated by means of a 
multiplier in the analog computer accord- 
ing to equation 13. The simulation was 
restricted to resistive load. Computer 
results of voltage and speed modulation 
are shown in Fig. 6, curve A, which repre- 
sents the amplitude ratio of voltage to 
speed modulation as function of the fre- 
quency of speed modulation. The trans- 
fer function as determined on the com- 
puter shows excellent agreement with the 
predicted performance according to equa- 
tion 20. The initial attenuation at low 
frequencies is equal to 1/6 or —15.6 db 
(decibels). Voltage modulation increases 
with a slope of 20 db per decade accord- 
ing to the numerator time constant of 
0.16 second, corresponding to a corner 
frequency of 1 cps (cycles per second). 
As the frequency of speed modulation 
increases, the curve starts to flatten out at 
a corner frequency of 6 cps. The agree- 
ment between actual system perform- 
ance as determined on the analog com- 
puter and the theoretical analysis accord- 
ing to equation 12 is surprisingly good 
despite the inherent nonlinearity of the 
system equations. The computer anal- 
ysis has been repeated at different 
magnitudes of speed modulation corre- 
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Fig. 7. Torque-speed transfer function. A—Example 1, 
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B—Example 2 


Fig. 8. Open-loop transfer function 
electric power system, example 2 


sponding to 1.0%, 2.0%, and 4.0% of 
rated speed, with practically identical 
results. 

Computer results of the torque-speed 
transfer function are shown in Fig. 7 
The transfer function as measured on the 
computer shows excellent agreement wi 
the predicted performance according to 
equations 17 and 21 despite the inherent 
nonlinearity of the system equations. 


EXAMPLE 2 


The second example investigates the 
effect of speed on a system which 
represented by four time constant 
corresponding to corner frequencies of) 
1, 8.5, 100, and 100 cps, with an open-/ 
loop gain of 28. The system transfer 
function is given by . 


Coe Bas: q 
~ 140.165 1+0.019S (1+0.0016S)2 


The system has been selected so that 
exhibits a highly oscillatory charactef, * 
The damping factor is 0.074 of critical 
The vicinity of the point (— 1) is of special 
interest to the speed-voltage and spee 
torque transfer function; see Fig. 8. 

The system was simulated on an anak 
computer and to it was applied sinusoida 


SSSR SR R0ESE 


(B) 


NovEMBER 196 


etermined. According to equation 17 
nd Fig. 8, a peak was to be expected at a 
equency of 12.5 cps with a magnitude 
jual to the reciprocal of the distance from 
1e point (—1) to the open-loop transfer 
inction. This distance is equal to 0.135, 
hich corresponds to an overshoot of 
4 or 17 db. 

Results of this simulation on the ana- 
9g computer are shown in Fig. 6, curve 
3. There is indeed a peak of the trans- 
sr function at approximately 13 cps with 
magnitude of 16 db in good agreement 
vith the analysis. 

Torque was calculated by means of a 
nultiplier on the analog computer ac- 
ording to equation 13. Determination 
f the torque-speed transfer function 
ollowed the same procedure as in example 


From Fig. 8 and equation 17 it can be 
yredicted that there will be a peak in 
orque which, according to equation 18, is 
qual to 1.865/0.135=13.8, or 23 db. 
[his peak should occur at a frequency 
yf 12.5 eps. 

Fig. 7(B) presents results of the ana- 
og computer simulation. As predicted, 
there is a peak in torque of 21 db ata 
requency of 13 cps. The phase angle 
starts at — 180 degrees at low frequencies 
and advances to zero degrees at high 
frequencies. Positive phase angles occur 
at frequencies slightly above the unity 
crossover frequency. These phase angles 
are positive for a range of frequencies 
where the open-loop transfer function of 
the electric power system stays in the 
second quadrant of the complex plane. 


Conclusions 


Equations and transfer functions have 
been derived for voltage and torque 
modulation of electric power systems 
produced by speed modulation of the 
prime mover. These equations related 
the voltage-speed and torque-speed trans- 
fer function to the open-loop transfer 
function of the electric power system. 
Analytically derived transfer functions 
have been verified by analog computer 
simulation. 

The voltage-speed transfer function 
indicates that between amplitude and 
frequency modulation a definite relation- 
ships exists which can reach ratios as high 
as 5 in certain ranges of frequencies. 

The torque-speed transfer function in- 
dicates the presence of torque peaks at 
certain modulation frequencies which are 
presented as load to the prime mover. 

A torque-speed transfer function has 
been derived for the electric power sys- 
tem. A similar, but inverse, transfer 
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function exists for the drive: the speed- 
torque transfer function. Both the 
torque-speed (electric power system) 
and speed-torque (drive) transfer func- 
tions have to be compatible so that one 
component does not excite the other. 
Based on this definition, system stability 
can be determined, performance evaluated 
and changes incorporated to improve 
system performance. 

The value of these new transfer func- 
tions for system analysis and perform- 
ance evaluation lies in the fact that volt- 
age and torque modulation as produced by 
drive speed modulation are expressed in 
terms of the open-loop transfer function 
of the electric power system. This same 
transfer function is used in stability anal- 
ysis and voltage regulation. Therefore, 
no new information on the power system 
is required to evaluate the effect of speed 
variation on the different system com- 
ponents. 


List of Symbols 


A=amplitude of speed modulation 
E, e=error signal 
G=transfer function 

H, Q=polynomials, general 
N, n=speed 

p=differential operator d/dt 
s=Laplace operator 

T, T=torque 

T =time constant 
u=frequency of modulation 
V, v=voltage 

w =frequency 


Subscripts 


L=load 
O=value at rated speed 


Appendix I. Open-Loop 
Transfer Function 


Equation 3 has given the system open- 
loop transfer function: 


vx(t) =n0G(pe(t)+AG(p)e(t) cos ut (3) 


Before performing the Laplace trans- 
formation, G(p) must be examined. G(p) 
is the open transfer function of the power 
system in operationalform. It is, generally, 
the ratio of two polynomials H(p) and 


Q(P) in p. 


Therefore 
QO(p) V x(t) =moH(p)e(t) + AH(p)e(t) cos ut 


H(p) and Q(p) are operators and poly- 
nomials in p; mo isa constant. The cosine 
function can be replaced by an exponential. 


cos ut= 1/2( et 67") 


With these assumptions, and assuming 
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initial conditions equal to zero, Laplace 
transformation of equation 3 is possible, 
and results in 


Q(s) Vi(s) =noH(s)E(s)+ 
1/2A H(s)[E(s—ju)+E(s —ju)] 


from which follows 


Vi(s) =mG(s)E(s)+ 
1/2AG(s)[E(s —ju)+E(s+ju)] 


Dividing by E(s) results in equation 4. 


Appendix Il. Closed-Loop 


Transfer Function 


The effect of speed variation on the load 
voltage was given by the total differential 
of equation 9. The analysis shall be re- 
stricted to sinusoidal speed modulation 
around rated speed, as defined by equa- 
tion 2. 

When equation 2 is inserted into equation 
9, and the voltage ratio vg/vgo =v is defined, 
the system equation, written in the time 
domain, becomes 


du(t)+-m0G( p)do(t) + 
A cos (ut)G(p)du(t)=dn(t) (23) 


The differentials of voltage and speed 
can be interpreted as perturbations around 
an operating point or as small signal 
quantities. This allows us to drop the 
differential notation in equation 23. Then, 
v(t) and n(t) are redefined as small signal 
quantities replacing dv(t) and dx(t) in 
equation 23. Replacing the cosine func- 
tion by an exponential, equation 23 becomes 


v(t) m0G(p)u(t) + 1/2AG(p)v(t)e + 
1/2AG(p)u(t)e 2! =n(t) 


Before performing the Laplace trans- 
formation, G(p) must be examined. G(p) 
is the open-loop transfer function of the 
power system and therefore generally the 
ratio of two polynomials H(p) and Q(/) in p. 


t 


Do ae 


i nC) 
as ae oT) 
2 bee 

0 
Therefore 


Q(p)0(t)+moH(p)0(t)+1/2AH( p(t)" + 
1/24 H(p)u(t)e 7" = Q(p)n(t) 

Since Q(p) and H(p) are operators and 

polynomials in p, and since mo is a constant, 


Laplace transformation is possible (as- 
suming initial conditions equal to zero). 


Q(s) V(s)+-noHH(s) V(s)+1/24 H(s) V(s+ju) 
+1/2A H(s)V(s—ju) =Q(s)N(s) 


Collecting terms results in the voltage- 
speed transfer function of the system as 
given by equation 10. 


Appendix Ill. Torque-Speed 
Transfer Function 


The effect of speed variations on the 
air-gap torque of the generator was given 
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by equation 16. The analysis shall be 
restricted to sinusoidal speed modulation 
around rated speed mo as defined by equa- 
tion 2. Inserting equation 2 into equation 
16 and defining the torque ratio T/T>=T 
gives the system equation, written in the 
time domain: 


dT(t)+mG(p)dT(t)+A cos (ut)G(p)dT(t) 
=dn(t)—mG(p)dn(t)—A cos (ut)G(p)dn(t) 
(24) 
The differentials of torque and speed 
in equation 24 can be interpreted as per- 
turbations around an operating point or 
as small signal quantities. The differential 
notation can then be dropped and 7(t) 
and n(t) are redefined as small signal 
quantities, replacing d7(t) and dn(t) in 
equation 24. Replacing the cosine function 
by the corresponding exponential and 
inserting into equation 24 gives 


T(t)-+-m0G(p)T(t)+1/2AG(p) T(t) e+ 
1/2AG(p)T(t)e 2"! =n(t) —mG(p)n(t) — 
1/2AG(p)n(t)e!™*—1/2AG(p)n(t)e ™! 
Before performing the Laplace trans- 


formation, G(p) must be examined as in 
Appendix II. Therefore 


O(p)T(t)+moH(p)T(t)+1/24M(p)T (te 
+1/2AH(p)T (te = Q(p)n(t) — 
noll( p)n(t) —1/2A H(p)n(t)e™* — 

1/2AH(p)n(t)e ™! 

Since Q(p) and H(p) are operators and 


polynomials in p, and since m is a constant, 
Laplace transformation is possible (assum- 


ing initial conditions equal to zero): 


Q(s)T(s)+m0H(s)T(s)+1/2AH(s)T(s+ju) 
+1/2AH(s)T(s—ju) =Q(s)N(s)— 
noH(s)N(s) —1/2A H(s)N(s+ju) — 

1/2AH(s)N(s—ju) 

Collecting terms yields the torque-speed 

transfer function of the electric power 

system, which is then given by 
1—mG(s)—1/2AG(s) X 
Eee Neto | 
Ts) _ 


N(s) N(s) 
N(s) 1+0G(s)+1/2AG(s)X (25) 
T(s—ju) Petr) 
| T(s) T(s) 


The nonlinear character of the torque- 
speed transfer function is obvious by 
inspection of equation 25. The two 
variables, torque and speed, appear on 
both sides of the equation. Generally the 
system design engineer is interested in the 
amplitude and phase angle of torque 
modulation for speed modulation of constant 
frequencies, because torque modulation 
will be excited by distinct frequencies 1. 
In this case, s=ju, and the transfer function 
of equation 25 reduces to 


N(o) _ N(2u) 
1—m6(s)1/240(9)| Fo + | as 

T(o) T(2u) 
L+mG(s)+1/240(9)| r+ a ] 


The nonlinearity in equation 26 is given 


A High-Speed Voltage-Regulating and 
Static-Excitation System for A-C 
Aircraft Generators 


H. W. GAYEK 


MEMBER AIEE 


ITHIN the past few years there has 

been developed a new type of volt- 
age-regulating and static-excitation sys- 
tem for a 40-kva (kilovolt-ampere) a-c air- 
craft generator. The system is unique 
in its manner of excitation control, and 
exhibits rather remarkable performance. 
This paper describes the system and its 
principle of operation, and presents per- 
formance data. 


General Description 


EXCITATION SYSTEM 


The excitation system, shown schema- 
tically in Fig. 1, is a static type. All 


422 


A. C. HUPP 


ASSOCIATE MEMBER AIEE 


of the excitation power required by the 
generator is derived from the output of 
the machine itself by means of a 3-phase 
magnetic-core device known as a current- 
potential transformer (CPT). Each 
phase of this device contains three 
separate a-c windings: a potential winding, 
a current winding, and an output winding. 
The current winding is connected in such 
a manner that the line current of the given 
phase of the machine flows through it. 
The potential winding is connected in 
series with a reactor from generator line 
to ground. The output winding is con- 
nected to the output windings of the other 
two phases to form a closed delta, which 
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by the two side-band frequencies which | 
appear in the speed and torque frequency { 
spectrum. Their spectra are similar to the jj 
spectrum of an amplitude-modulated carrier | 
with suppressed carrier frequency. The © 
terms in brackets correspond to the speed | 
or torque ratio of zero frequency to the 
value at the frequency w and another ter 
representing the ratio of speed or torqu 
at twice the exciting frequency u to their 
value at the exciting frequency. If wi 
restrict the analysis to small perturbatio: 
around unity, the terms in the brackets | 
become approximately 2. With this ass | 
sumption, the transfer function of equation 
26 reduces to the following simple transfer 
function representing the ratio of torque | 
to speed modulation: 


T(s) _1=G(s) 
Ms) 1+G(s) 
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supplies the power that is ultimately 
rectified and applied to the generator as 
field excitation. : 

Field excitation is controlled by three 
magnetic amplifiers, or “‘volt-second 
gates,”’ which are connected between the 
output winding of the CPT and the gen- 
erator field. The degree to which the 
amplifiers are turned on, i.e., the phase 
angle at which they are made to fire, to- 
gether with the magnitude of their a-c 
supply voltage, which is the voltage ap- 
pearing at the terminals of the output 
winding of the CPT, governs the average 
voltage applied to the generator field. 
Control current for the magnetic ampli 
fiers is supplied by the voltage regulator.. 

This type of static exciter is similar to: 
others described in the literature, in that 
output power is a function of both genera-~ 
tor terminal voltage and generator line 


current.4? It differs from these in that 
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AC 
GENERATOR 


TO C 
REGULATOR 


Fig. 1. 


yutput is controlled not by the degree of 
saturation of the core of the CPT, but by 
hase control of separate magnetic ampli- 
jers in series with the CPT output. 


VOLTAGE REGULATOR 


The regulator, Fig. 2, consists of a 
sensing circuit which produces a direct 
voltage proportional to the average value 
of the three line voltages, a transistor 
(01) preamplifier stage, and a magnetic 
amplifier (SX1) output stage. The out- 
put stage supplies control power for the 
three magnetic amplifiers in the static 
exciter. The voltage reference for the 
regulator consists of two breakdown 
diodes (CR1,2) in series. Direct current 
for the transistor preamplifier is supplied 
by a small transformer-rectifier which is 
energized from a permanent-magnet 
senerator (PMG) mounted on the genera- 
tor shaft. The PMG also supplies power 
to the magnetic amplifier (regulator out- 
put stage). 

A more complete schematic diagram 
for the entire system is shown in Fig. 3. 


Operation 


EXCITATION SYSTEM 


The steady-state operation of the static 
excitation system can be understood quali- 
tatively by referring to phasor diagrams 
for the generator and CPT. Consider 
first the generator. Fig. 4 represents the 
phasor relationships of voltage, current, 
and mmf’s (magnetomotive forces) of the 
machine based on the Potier analysis, 
which is more useful for this purpose than 
the 2-reaction analysis.5* 
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TO LOAD 


REACTORS 


CURRENT- POTENTIAL 
TRANSFORMER 
(Cie m,) 


MAGNETIC AMPLIFIERS 
y (VOLT - SECOND GATES) 


Simplified schematic diagram of static exciter 


In this diagram, which represents the 
generator on a per-phase basis, phasor 
MM Fro represents the mmf required to 
produce the flux which generates no-load 
terminal voltage. It leads this voltage 
by 90 degrees. For convenience this volt- 
age is represented on the diagram by 
phasor E'7, which also represents the term- 
inal voltage existing when the generator 
is supplying load current. For a well- 
regulated machine, terminal voltage under 
load does not in fact depart substantially 
from its no-load value. 

When the machine is supplying some 
load current J, which lags terminal volt- 
age by a phase angle 6, there occurs within 
the machine an equivalent voltage drop 
which is presented as synchronous re- 
actance drop, JX, leading the current by 


90 degrees. This voltage represents 
equivalent voltage drops due to armature 
leakage reactance and armature reaction, 
and when added to generator terminal 
voltage, results in a theoretical internal 
generator voltage represented by the 
phasor #. The mmf producing this 
voltage is MMF,, which leads Ey by 90 
degrees. This mmf, which is produced by 
the generator field, must equal the phasor 
sum of MM Fp. and —MMF,, the latter 
being that due to armature current and 
represented as a negative phasor because 
it has a demagnetizing effect. 

The usual simplifying assumptions used 
in this type of analysis have been made; 
saturation and armature resistance are 
neglected. Furthermore, it has been 
assumed that mmf’s and fluxes have sin- 
usoidal air-gap distributions. 

Consider now the phasor diagram for 
the current-potential transformer, Fig. 5. 
Take Ey, generator terminal voltage, as 
the reference phasor. At no load on the 
generator there is no current flowing in 
the current windings of the CPT, and 
these may be ignored. (Ignore also for 
the moment the volt-second gates. 
Assume that they are fully turned on, i.e., 
essentially short-circuited.) Field exci- 
tation supplied the generator from the 
CPT output windings is delivered by 
transformation from the potential wind- 
ings, which are connected to the terminals 
of the generator through the reactors. 
Since generator field resistance referred to 
the CPT potential windings is small com- 
pared with the impedance of the reactors, 
which themselves are assumed to have no 
resistance, the current in the potential 
windings will lag E, by essentially 90 
degrees. This current establishes in the 
CPT cores an mmf represented on the 
phasor diagram as MM F pz. 


TO 
POINT OF 
REGULATION 


Fig. 2. Simplified schematic diagram of voltage regulator 
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TO GENERATOR LOADS 
PARALLEL REACTIVE 
LOAD. DI¥IS10N LOOP. 


Fig. 3. Schematic diagram of entire regulating and excitation system 


When the generator is loaded, the flow 
of current through the current windings of 
the CPT produces a second mmf which is 
in phase with the current. Calling the 
current J at an angle @ to the terminal 
voltage, this mmf is represented by the 
phasor MMFy,4,. The sum of these mmf’s 
is MMF pz, which, to satisfy the ampere- 
turns law, must be exactly opposed by 
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an mmf created by current flowing in the 
output windings. The phasor represent- 
ing this mmf is termed — MM Fp, and is 
shown in Fig. 5 as the phasor sum of 
—MMF pz and —MMFy,,. Again, the 
usual simplifying assumptions have been 
made; leakage reactances, magnetizing 
reactance, and winding resistances of the 
CPT are all assumed to be negligible; satu- 
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ration is neglected; all voltages, currents, | 
and mmf’s are assumed to be sinusoidal 

Note the similarity between Figs. 4 and ] 
5. Inthe generator, to maintain constant 
terminal voltage, it is necessary to supp. 
an mmf (IM F;) which is the phasor s 
of an mmf (MMFpo) which is prop 
tional to and in quadrature with no load 
terminal voltage, and an mmf (MMFy,) 
which is proportional to and in phase wit! 
armature current. In the CPT there i 
produced a current which is the result of 
the phasor sum of an mmf (MMFp, 
which is proportional to and in quadrature 
with no-load terminal voltage, and an mm 
(MMF 4z) which is proportional to and i 
phase with armature current. Thus thi 
CPT, in combination with the reactors ii 
the potential circuit, inherently produce 
an output of the proper characteristic 
to provide generator excitation which 
automatically compensates for inheren 
generator regulation; the output of th 
CPT automatically increases under the 
conditions which require greater generato 
excitation. 

In the actual case it is possible to design ~ 
the CPT and reactors to be under ~ 
compensating, flat-compensating, or over 
compensating. In the particular design 
described in this paper, the system 1 
made somewhat overcompensating, i.e 
more excitation voltage is available at thi 
output winding of the CPT for any condi 
tion of generator load than is required t 
sustain that load condition when thai 
voltage, rectified, is applied to the field 

Control of the output voltage to bring 
it to the level required by the generator i; 
accomplished by means of the magnetic 
amplifier volt-second gates. By contro 
ling the saturation of these by means of 
the output of the voltage regulator, it i 
possible to change the voltage drop occ ir 
ring across them from a very low valu 
to a relatively high value. Thus, regard 
less of the output voltage of the CPT, it i 
possible to exercise complete control ovel 
the excitation applied to the generator 
Furthermore, this control is very rap 
hence, excitation can be adjusted swiftly 
This accounts for the high rate of respons 
of the system, _ 

Note that voltage can be increase 
rapidly and can be reduced to zero rapid 
The actual rate of decay of field curr 
when the voltage is removed by action 
the volt-second gates is governed by t 
time constant of the generator field itse’ 
inasmuch as current decays through th 
discharge rectifier CR25. 


ee Seeks 


tc 


oe ee 
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VOLTAGE REGULATOR 


In the voltage regulator rectifier 
CR3-8 (Fig. 3) rectify the generator alter. 
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MMFa 


Er= Eo AT NO LOAD 


Fig. 4 (left). 
Phasor diagram of 
generator 


Fig. 5 (right). 
Phasor diagram of 
CPT and reactors 


Table |. Performance Comparisons 
Three-Phase Short Circuit 
Removed 
Rated Load 
Removed Volt- 
Rated Load Applied Seconds 
= Maxi- Maxi- Over Voltage 
Minimum Recovery mum Recovery mum _ Recovery 125 Regulation, 
| Voltage Time Voltage Time Voltage Time Volts Per Cent 
 ——— 
ntegral d-c exciter and 
a-c generator, 15-kva 
SWS eee oy 90 Fane OROG. oats 143..... O. 09% 200 hate OnlS sere AS Ohreee 2574) 
Standard static exciter 
and a-c generator, 20- 
evi SYSt@Me. csc e es OB era @2060.,. 0.5. WB2 5 ccc OOO cranen: LGORe tek QMO: cca LES sarces =a), 
High-speed voltage regu- 
lator and _ excitation 
system, 40-kva system..110..... (ORG PSS Saneea aCe aya, & ONOG se rear. P5ON ews (OAC ee cee i WP Nie seco +1 


Voltages are measured from line to neutral. All systems originally set to 115 volts. 
Voltage regulation includes variations due to both 


est reports. Recovery time measured in seconds. 
oad and ambient conditions. 


nating voltage and produce a direct volt- 
uge proportional to it. A portion of this 
voltage, points 47 to 45, is compared with 
the reference voltage existing across 
preakdown diodes CRI and CR2. The 
srror voltage, points 36 to 45, is amplified 
py transistor Q/ and magnetic amplifier 
S$X1. The output of this device controls 
saturating current to the volt-second gate 
magnetic amplifiers SX2, 3, and 4. 

The system is energized after the gen- 


Data taken from 


erator comes up to speed by closing the 
ON-OFF switch and depressing the FLASH 
button. This causes relay Ki to be 
energized, completing the circuit from the 
PMG to the field. Permanent-magnet 
generator voltage, which is generated at a 
frequency of 1,600 cps (cycles per second), 
is then applied to the field, which is 
shunted with the discharge rectifier CR25. 
This results in a net direct voltage and 
causes initial excitation of the generator. 


shi 


To shut down the system, the ON-OFF 
switch is opened, de-energizing relay K1. 
This short-circuits the potential windings 
of the CPT, effectively short-circuiting 
the output of this device and thus de- 
priving the system of its means of 
excitation. 


Performance 


The high-speed performance of the 
system is illustrated by the oscillographic 
recordings shown in Fig. 6(A) which 
shows application and removal of rated 
load at 400 cycles, and Fig. 6(B), which 
shows application and removal of a 3- 
phase short circuit. Note the rapid rise 
and decay of field voltage when the trans- 
ient is initiated. 

Note that in the case of the full-load 
transient, recovery is faster upon applica- 
tion of load than upon release of load. 
This results from the fact that the control 
system can exercise greater influence on 


the application of excitation than upon 


Fig. 6. Transient response 


A—On application and removal of 40-kva 0.75-power-factor load, 400 cps 
B—On application and removal of 3-phase short circuit 
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its removal. Note, however, that the 
transient is over in 60 milliseconds, even 
on removai of load. 

Table I compares the performance of 
this generating system with other types of 
aircraft systems. Note that the system 
herein described is substantially better 
in recovery time, in undershoot or over- 
shoot of transient voltage, and in volt- 
second envelope of the transient over a 
125-volt base upon removal of short cir- 
cuit. 

Fig. 7 compares the performance of this 
generating system with the transient 
response requirements of specification 
MIL-G-6099A.® 

All data apply to a generating sys- 
tem consisting of the voltage-regulat- 
ing and static-excitation system described 
here and the 40-kva 0.75-power-factor 400- 
cps 24,000-rpm generator described in 
reference 5. Reactances and time con- 
stants of this machine are of the same 
order of magnitude as those of typical a-c 
aircraft generators. The most significant 
difference is in the value of direct-axis 
transient reactance, Xq’, which is lower 
than that normally encountered. 


Conclusions 


The field of static excitation systems 
for a-c aircraft generators has been 
broadened by the development of a system 
utilizing a current-potential transformer 
and magnetic-amplifier volt-second gates. 
This type of system, together with a 


A—Rated load removal, speci- @ es 
fication limit His 
B—Rated load removal, test $14 
result z ts 
C—Rated load application, 5); 
specification limit ts 10 
D—Rated load application, Ops 
test result 207 
E—Maximum transient, specifi 06 
cation limit a 05 
F—Removal of 3-phase fault, 
test result 


0 02 04 06 08 
TIME (SECONDS) AFTER TRANSIENT BEGINNING 


io 12 14 J6 18 20 22 24 26) 


Fig. 7. Comparison of actual system performance and MIL-G-6099A specification limits 


matched high-speed voltage regulator, 
permits unusually rapid control of gen- 
erator excitation voltage and provides 
superior generating-system performance. 


Nomenclature 


CPT =current-potential transformer 

Eyp=generator terminal voltage, line to 
neutral 

I=generator line current 

Eo=theoretical internal generator voltage 

MMF,=mmf in generator resulting from 
the flow of armature current 

MM F,y=mmf in generator produced by field 
excitation 

MM F4z=mmf in CPT established by flow 
of line current in CPT current wind- 
ings 

MM Fy,z=I1n CPT, phasor sum of MM Faz 
MM Fre: equal and opposite to 
minf established by flow of current in 
output windings 

MM Fre=mmf in CPT established by cur- 
rent flow in potential windings at no 
load 


MM Fro=mmf in generator due to no-load | 


field excitation 
SXi1=magnetic-amplifier output stage 
regulator 
SX2,3,4=volt-second gates 
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Step-Up Frequency Changer 


R. J. WURM 


NONMEMBER AIEE 


ITH THE SCIENTIFIC advance- 

ment of the aircraft and missile 
fields, a need arises for power at high fre- 
quencies. High frequency power is 
needed in commercial and industrial fields 
as well; for example, in fluorescent light- 
ing and ultrasonic cleaning. Presently 
available semiconductor devices can be 
used in the construction of completely 
static frequency conversion equipment, 
capable of power outputs of many kilo- 
watts at frequencies as high as 25 ke. 

In the past, static frequency conversion 
equipment has been mainly of the dual- 
conversion type, in which the input alter- 
nating voltage is first converted to direct 
voltage by rectification. The resulting 


426 


L. J. STRATTON 


ASSOCIATE MEMBER AIEE 


direct current is then converted to high- 
frequency alternating current by means of 
class B amplifier or switching-type cir- 
cuits. The amplifying or switching de- 
vices used may be either vacuum tubes 
or gas-filled tubes, or more recently tran- 
sistors or controlled rectifiers. 

The method of frequency changing de- 
scribed in this paper is a single-conversion 
type, wherein 3-phase low-frequency 
power is directly converted to single-phase 
high-frequency power. If three of these 
circuits are used, a 3-phase high-frequency 
output can be produced. Similar fre- 
quency changers can be built for any 
single-phase or polyphase input voltage. 
Controlled rectifiers are used as the 
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switching elements, since they are capable 
of handling greater power than powel 
transistors. The circuit described pos. 
sesses inherently high power capabil. 
ities, high efficiency, excellent frequency 
stability, and good voltage regulation 

The title, “Step-Up Frequency 
Changer,” is used to denote power conver. 
sion equipment in which the frequency of 
the power output is higher than the fre. 
quency of the input power. A companior 
paper! describes a similar circuit operated 
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\CROSS ALL SIX ~ 
CONTROLLED 
RECTIFIERS 


TO FIRING 
CIRCUIT 
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Fig. 1. Circuit dia- 

gram of a controlled 

rectifier step-up fre- 
quency changer 


is a stepdown frequency changer, in which 
he frequency of the output is lower than 
hat of the input. 

The frequency changer is described 
issuming, in most cases, a 3-phase 400- 
ycle input power source converting to a 
ingle-phase 3,200-cycle output. The 3- 
yhase input power is assumed to be ob- 
ained from a 4-wire system. However, 
hese are not limiting conditions neces- 
ary to the operation of the frequency 
‘hanger. The input frequency need not 
ye stable; it may drift, or can even be 
requency wild, without affecting the 
wccuracy of the output frequency. 


Frequency Changer Description and 
Operation 


POWER TRANSFORMER 


It is possible to design power switching 
‘ircuits for a step-up frequency changer 
n such a way that neither an input nor an 
sutput power transformer is needed. 
However, with such an arrangement, there 
is a definite relationship between input 
and output voltages. In most applica- 
tions, either an input or an output power 
transformer, or both, are needed to give 
the voltages required by the application. 
The circuit in this paper is based on the 
use of an output power transformer but 
requires no input power transformer. 
With this arrangement, the high-fre- 
quency output voltage can be any value. 
With presently available controlled recti- 
fers, direct connection to a 3-phase 120/ 
208-volt power supply is possible. For 
higher input supply voltages rectifiers can 
be connected in series. 


POWER CIRCUIT 


Smart and Weaver? have recently de- 
scribed a step-up frequency changer cir- 
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cuit which utilizes a multianode mercury- 
are tube as the switching device. The 
mercury pool of the tube forms a com- 
mon cathode, requiring that the high- 
frequency output transformer have three 
separate center-tapped primary wind- 
ings. 

The circuit described in this paper, 
Fig. 1, is similar in concept to the Smart 
and Weaver circuit. Since the controlled 
rectifiers, used as the switching devices, 
do not require a common cathode con- 
nection, the output transformer needs 
only a single center-tapped primary 
winding. This results in a saving in size 
and weight of the output transformer. 


Basic operation of the frequency 
changer is similar to that of the parallel 
static inverter described by Wagner** 
except that the inverter battery power 
source is replaced by an alternating volt- 
age source. During the 120 electrical 
degrees that the line-to-neutral voltage of 
phase A of the supply to the frequency 
changer is higher than that of the other 
two phases, the two controlled rectifiers 
connected to phase A of the supply alter- 
nately conduct current. The rate at 
which these two controlled rectifiers 


- switcK is determined by the timing of the 


firing pulses that are sent to their gates. 
The commutation or transfer of the load 
current from one rectifier to the other is 
accomplished by the commutating capaci- 
tor. The manner in which the high- 
frequency output voltage and its wave- 
shape is produced is similar to that of the 
parallel inverter. 

During the next 120 electrical degrees, 
the line-to-neutral voltage of phase B of 
supply is the highest, and the two con- 
trolled rectifiers connected to this phase 
take over the switching of the load cur- 
rent. The controlled rectifiers connected 
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to phases A and C are idle during this 
period. 

The transfer of the switching of the load 
current from one pair of controlled rectifi- 
ers to the next pair, takes place in a cycli- 
cal manner, which is very similar to the 
transfer of the direct current from one 
rectifier to the next in a 3-phase half-wave 
rectifier circuit. 

The output frequency is dependent on 
the frequency of the controlled rectifier 
firing which exactly follows some refer- 
ence, such as an oscillator. The unfil- 
tered output voltage waveshape is shown 
in Fig. 2, and its shape is dependent on 
the power factor of the load and on the 
circuit time constants, primarily that of 
the commutating capacitor. The output 
contains a 3-phase ripple or modulation, 
but is smoothed by the choke Z in the 
neutral or center-tapped lead. 


COMMUTATION 


During the operation of the frequency 
changer, when one rectifier is fired, the 
capacitor charges according to a time 
constant determined by its capacitance, 
the inductance of the neutral choke, and 
the impedance of the load. A trans- 
former voltage is then produced since the 
capacitor is in parallel with the trans- 
former. When the second rectifier of 
the pair, which is connected to the other 
half of the primary, is fired, the capacitor 
discharges around the near short-circuit 
path. The discharge current passes 
forward through the controlled rectifier 
that has just been turned on, and inversely 
through the outgoing rectifier turning it 
off. The capacitor now charges in the 
opposite direction until the first rectifier 
is again fired. This commutation process 
continues with the controlled rectifiers 


Fig. 2. Output voltage at a frequency of 
3,200 cps 
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Fig. 3. Output voltage wave at 3,200 cps 
for three different leading load power factors 


A—0.96 power factor 

B—0.82 

C—0.72 (load includes the commutating ca- 
pacitor) 


producing the high-frequency voltage in 
the output transformer. 

In order for this circuit to commutate, 
the total load must be capacitive or repre- 
sent a leading pf (power factor); the com- 
mutating capacitor being considered part 
of the load. If an inductance is added to 
the load, the capacitor value may have to 
be changed to keep the total pf still lead- 
ing. The circuit can operate with a 
maximum pf of approximately 0.96, and a 
minimum pf of zero. In other words, 
the circuit could operate no load with only 
the commutating capacitor. However, 
if the value of capacitance is large (ap- 
proaching zero pf), excessively high volt- 
ages will appear across the power trans- 
former and across the controlled rectifiers. 
These voltages are much in excess of the 
applied supply voltage, and could easily 
exceed the voltage ratings of the switching 
components. 

Fig. 3 shows three different unfiltered 
output voltages at a frequency of 3,200 
cycles with different load pf. The neutral 
choke is constant for all three waves. 
Fig. 3(A) represents a total pf of 0.96 lead- 
ing, wave (B), 0.82; and wave (C), 0.72. 
The change in pf for these waves was ac- 
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complished by changing only the value 
of commutating capacitance. Identical 
waveshapes result by changing either the 
load or the neutral choke value instead 
of the capacitor. These waves actually 
show the output voltage resulting from a 
change in the circuit time constant. 

When the circuit time constant is long 
with respect to the operating frequency, 
the efficiency of the circuit is very depend- 
ent on the pf of the load. If the pf 
becomes too leading, a reduction in 
efficiency is noted because of high circu- 
lating currents. In order to operate over 
a large load range, it is necessary to change 
the value of the commutating capacitor 
to keep a leading pf, but yet not ex- 
cessively leading. If it is possible in a 
given situation, the best method to accom- 
plish the change in capacitor would be 
to connect a capacitor of proper valne 
across each load that the frequency 
changer will handle. In this way, the 
capacitor would be added to or removed 
from the circuit with the applied load. 
This would allow reliable operation with 
high efficiency from no load to full load. 

The circuit of Fig. 1 shows the com- 
mutating capacitor across the primary 
winding for clarity of discussion; however, 
if a primary capacitor is used, it becomes 
necessary to use a small choke in series 
with the capacitor to lengthen the dis- 
charge time. Without this small choke, 
the capacitor causes a very high discharge 
current and places a rapid rise of voltage 
on the controlled rectifier; the combina- 
tion of which could eventually be destruc- 
tive to the rectifier. If this commutating 
capacitor is placed across the secondary 
winding instead of the primary, the series 
inductance is already built in (leakage 
reactance of the windings), and there- 
fore, requires no other series choke. 


FIRING CIRCUIT 


The firing of the controlled rectifiers can 
be accomplished in many different ways. 
A very efficient method utilizes a low- 
power square-wave oscillator, whose out- 
put is differentiated by a series capacitor 
to produce pulses in a firing transformer. 
The output windings of the firing trans- 
former are tied to the gates of the con- 
trolled rectifiers through a diode. This 
diode has the two-fold purpose of keeping 
the negative pulse from appearing across 
the gate, and also prevents anode to 
cathode leakage current from flowing out 
of the gate, through the firing transformer 
winding, and to the cathode after the 
unit has turned on. Since both groups 
of three controlled rectifiers each are so 
arranged as to have common cathodes, 
only two output windings are necessary 
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Fig. 4. Woltage across one controlled recti« 
fier at a frequency of 3,200 cps 


to fire the six rectifiers. The three recti® 
fiers on one-half of the power transformer 
primary simultaneously receive the high= 


frequency (3,200-cycle) positive firing | 


pulse, while the other three rectifiers con= 
nected to the other half of the primary are 


triggered by the firing transformer nega> ~ 


tive pulse. However, even though three 


units receive firing pulses, only the unit — 


having the highest anode to cathode volt. _ 


age will actually turn on. Therefore; 
sequential firing of the rectifiers is not 
necessary, and allows the firing circuit to 
be very simple in construction. 

A second method of firing the controlled 
rectifier uses a 3,200-cycle sine-wave 
oscillator with a choke and saturable 
transformer in series. The choke is used 
to give a current source in order to obtaim 


better pulses from the firing transformer, 


ine 

HH 1 Ti 
TN 
BUTE EIA 
| Mallet 


1 
dT | 


Fig. 5. Controlled rectifier voltage at 10 ke 
showing the voltage envelope 
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he secondary circuit would be the same 
the previously mentioned circuit. 


esign Considerations 


ONTROLLER RECTIFIER VOLTAGE 


oo . one of the more important 
sign considerations is the selection of the 
roperly rated controlled rectifier. The 
bltage, as seen by these units during 
reuit operation, cannot be simply ex- 
lained in an exact equation because there 
re so many variables and circuit param- 
fers to consider. To begin with, the 
rimary winding of the power transformer 
btains its voltage from what might be 
pnsidered an effective battery supply, 
r an average input voltage whose value 
yr a 3-phase system is 


. aes 
‘DC = ia Ery=1.17Epy 
wrY¥2 


rhere £,y is the rms line-to-neutral volt- 
ge of the input supply. This voltage is 
mpressed across one-half of the primary 
rhen one of the rectifiers turns on, there- 
ore, the total primary sees 2E po. How- 
ver, this value is never exactly true in 
eality since this requires that the com- 
wutating capacitor value be zero. Since 
his value is not attained in a working cir- 
uit, the voltage across the transformer 
s always greater than 2Ep¢ by an amount 
lependent on the choke and load power 
actor. Calculation of the transformer 
oltage is possible using the material pre- 
ented by Wagner.** This voltage is the 
orward blocking voltage a nonconducting 
ectifier must support, since it and its 
nate are in a series loop with the entire 
ransformer primary. 

The reverse blocking voltage a con- 
rolled rectifier must withstand is again 
lifficult to state in an exact simple equa- 
ion. In general, there are two major 
oltages to contend with in the inverse 
locking condition as shown in Figs. 4 and 
. Fig. 4 shows a controlled rectifier volt- 
ge at an operating frequency of 3,200 
yeles from a 400-cycle input. Fig. 5 is 
he same voltage at a frequency of 10 ke, 
iving a clearer picture of the envelope 
f the voltage peaks. 

The first of the two reverse voltages is 
resent during each of its nonconducting 
igh-frequency _ half-cycles. Assuming 
me rectifier to be conducting, its com- 
nutating mate receives a firing pulse and 
urns on. The capacitor begins its dis- 
harge and turns off the previously 
onducting unit. At the instant of turn- 
ff, this inverse voltage appears on the 
uitgoing rectifier, and also appears on the 
ther two units of its group since they are 
n parallel with each other. In magni- 
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tude, the inverse voltage would exactly 
equal the transformer voltage at the 
instant of switching, if the rectifier would 
turn off at the exact instant of turn-on 
of the other unit. Since it actually takes 
a finite time to turn off a rectifier, the 
reverse voltage only approaches the 
forward blocking voltage (transformer 
voltage) as a limiting value, plus a switch- 
ing transient which will be discussed later. 
This voltage is essentially equal to the 
forward blocking value only if the neutral 
choke Z is infinite or at least large with 
respect to the switching frequency, and if 
the leakage inductance of the power trans- 
former is zero. Since all transformers 
have leakage, this voltage will be less than 
the maximum stated, and will be smaller 
for greater values of leakage inductance, 
and reduces still further for higher current 
operating levels. Transformer leakage 
effects are discussed further in the next 
topic. 

The second inverse voltage occurs only 
during its noncommutating period or for 
240 electrical degrees of the input, and is 
equal to the peak voltage of the line-to- 
line input. This voltage is clearly shown 
in Fig. 5, and is the dual-like lobe appear- 
ing below the zero voltage line. The 
first reverse voltage rides along on this 
lobe, and the total reverse voltage be- 
comes the sum of the two. 

In general, then, it can be stated that 


Ey=Peak forward voltage=2(1.17)Exy 
=2Epc (minimum value) 

Ep= Peak inverse voltage =2E yp +ErpyV/6 
(maximum value) 


TRANSFORMER LEAKAGE EFFECTS 


During the commutation and conduc- 
tion of a pair of controlled rectifiers, 
there exists a time of overlapping currents 
where the incoming controlled rectifier 
has just turned on, and before the outgoing 
rectifier has completely turned off. This 
overlapping period is almost entirely 
dependent upon the leakage reactance of 
the transformer and the current passing 
through it. The greater the leakage 
reactance, the longer the overlapping time. 
This results because the current passing 
through the power transformer and its 
leakage reactance cannot change or stop 
immediately. This same current is pass- 
ing forward through the rectifier to be 
turned off, and must decay in agiventime, 
not instantaneously as would be desired. 
When the other rectifier is fired, the com- 
mutating capacitor must first cause the 
decay of current present in the outgoing 
rectifier, and then maintain the anode 
negative with respect to the cathode for a 
sufficient time for the unit to recover to 
its blocking state. In the meantime, the 
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Fig. 6. Transformer primary voltage showing 
the effect of transformer leakage reactance on 
current overlap of controlled rectifiers 


incoming rectifier has turned on and im- 
mediately begins conducting. During 
this time of overlap, both units conduct, 
but cause zero voltage in the primary 
of the transformer. It can, therefore, be 
understood that this time required, from 
the turn-on of the incoming rectifier to the 
actual turn-off of the outgoing, is pro- 
portional to the leakage reactance and the 
current level passing through it. This 
effect can be seen in Fig. 6, which shows 
the primary voltage of the power trans- 
former. 

As the overlap or no transformer voltage 
time increases, two effects occur with 
regard to the controlled rectifiers. It re- 
duces the high-frequency inverse voltage 
of Ex since the capacitor is losing its volt- 
age, and it also shortens 7, the time avail- 
able for recovery of the outgoing rectifier 
to its forward blocking state, which is in 
the neighborhood of 5 to 20 microseconds. 
This is generally referred to as the “‘turn- 
off’’ time of a controlled rectifier. Fig. 7 
shows these effects. From this figure, it 
can also be seen that the maximum op- 
erating frequency is reduced by the same 
effects, since this frequency is determined 
by the time available for overlap To, plus 
the required inverse voltage time before 
the forward voltage can be applied. 
The controlled rectifier voltage wave- 
shape in the left of Fig. 7 exists in a circuit 
where the neutral choke is large with 
respect to the switching frequency, or 
where the choke is small, but a large com- 
mutating capacitor is used. Note that 
the voltage rise, whose shapes determined 
by the circuit time constant, does not 
reach its peak value because of the turn-on 
of the other rectifier. In this case, the 
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Fig. 7 (above). Diagram of controlled rectifier voltage showing current 
overlap effects on inverse voltage magnitude 


(A) has a longer circuit time constant than that of (B) 


Fig. 8 (right). A method of voltage regulation by reducing the value 
of the effectve battery voltage, accomplished by phase angle delay of the 


input voltages 


reverse voltage Es would exactly equal the 
forward voltage Ey, if no leakage react- 
ance existed, as shown by the dashed line. 
But because of leakage, overlap exists and 
the actual reverse voltage Ep appears on 
the waveform. The voltage wave in the 
right of Fig. 7 exists when the neutral 
choke and commutating capacitor are 
smaller. Note that the positive voltage 
rise reached the peak value because of a 
shorter time constant, and then decreased 
before the other rectifier turned on. The 
instantaneous voltage at the time of switch- 
ing EL, is lessthan Ey. The magnitude of 
E, is now the maximum reverse voltage 
E>, assuming no leakage reactance exists, 
and is shown again by the dashed line. 
The overlap time shows the amount of 
voltage discharged from the capacitor 
before the rectifier becomes blocking. 


SWITCHING TRANSIENTS 


The switching transients mentioned 
earlier occur at the tail of the inverse volt- 
age peak, and actually give rise to a 
greater inverse voltage than mentioned. 
However, by proper design of a resistance- 
capacitance network across each of the 
rectifiers, the transients can be limited to 
a very small value. These voltage tran- 
sients are generally in themegacycleregion, 
and therefore, a relatively small value of 
capacitance can be used as a filter. The 
resistance used in series with this capacitor 
is adjusted to a value yielding the mini- 
mum voltage transient across the recti- 
fiers. This transientis actually a damped, 
very-high-frequency oscillation caused 
mostly by the transformer capacitance 
and inductive effects at the time of switch- 
ing, and appear across the controlled 
rectifier. Using one R-C (resistance- 
capacitance) network of proper design 
across the entire primary winding, elim- 
inates most of the transient, but since 
the rectifier possesses junction and lead 
reactance, its effects are added to the 
oscillation set up by the transformer. 
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Thus, more effective reduction of the 
transient is accomplished by placing an 
R-C network across each rectifier. Fig. 
6(A) shows this unfiltered transient ap- 
pearing on the primary of the transformer 
at the instant of turn-off of one rectifier, 
and hence, appears as an inverse voltage 
on the controlled rectifier. 


FREQUENCY LIMITATIONS 


Operating output frequencies for this 
type of circuit can be as high as 25 ke at 
relatively high power levels, but for this 
frequency, controlled rectifiers selected 
for short turn-off times must be used. As 
an example, using controlled rectifiers 
with a 7-microsecond turn-off time, the 
maximum frequency with which this cir- 
cuit could operate is approximately 35 ke 
at light loads, and with negligible trans- 
former Jeakage reactance. The operation 
of the frequency changer at a high-fre- 
quency level, using a transformer having 
considerable leakage reactance, yields very 
inefficient operation because of the long 
overlapping current duration. The over- 
lapping time is then quite appreciable 
with respect to the operating frequency 
period. Since there is no output voltage 
during the time of this overlap, the cur- 
rent flowing in the circuit at this time 
results in a power loss. When using this 
same transformer with the given leakage 
inductance at lower frequencies, the over- 
lap time is reduced, and the overlapping 
time ratio with respect to the frequency 
period is smaller, thus improved efficiency 
results. 


TRANSFORMER DESIGN 


As would be expected from the previous 
discussions, the transformer design plays 
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REDUCED VOLTAGE (ACTUAL 


an extremely important role at the 
high frequency levels. Leakage reactar 
must be kept as small as possible © 
designing the transformer to have a small 
number of primary turns and using bifil 
wound windings on the transformer co 
At these high frequencies, then, using aé 
small number of transformer turns forces 
the designer to pay the penalty of using 
large transformer core to support the 
voltage in spite of the frequency levé 
especially since a low operating flu 
density must be used to maintain 2 
efficient circuit. 

For operation at 3,200 cycles, which 
are primarily concerned with, good tran 
former design is still important, but 
not nearly as critical. Much bett 
utilization of the transformer iron can b 
had by operating at higher flux densitie 
and still maintain a low power loss in tk 
transformer. Leakage reactance is le 
at lower frequencies allowing more turt 
to be added to the windings. Hoy 
ever, it is still desirable to use the bifile 
method of winding the transformer im 
order to minimize leakage. 


Circuit Features 


In an ordinary Wagner-type paralle 
inverter operating from a direct voltag 
supply, it is impossible to turn off th 
inverter without interrupting the powe 
circuit. With the step-up frequene 
changer, since the supply voltage is altet 
nating, the power can be turned on an 
off merely by applying and removing tt 
firing signals. Hence, this. frequenc 
changer is suitable for pulsed or key ( 
operation. 

Reliable operation is achieved at am 
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a power level, provided the com- 
tating capacitor is sufficient in magni- 
Je to sustain commutation. Should 
is total power factor not be sufficiently 
\ding (0.96 or lower), commutation will 
lL. In the case of the parallel inverter, 
is will cause a short-circuit current to 
ist through the switching components. 
le power circuit must then be inter- 
pted by a circuit breaker in an attempt 
save the circuit; this becomes more 
ficult at high power levels. But with 
e frequency changer, completely static 
using circuitry prevents short circuit 
trents, and thus, prevents damage to 
'y component of the circuit or the load 
thout breaking theinput power. Should 
is condition of insufficient leading power 
ctor be rectified, the control circuitry 
n be arranged to cause the frequency 
langer to restart on its own and produce 
itput power. In the same manner, a 
ort-circuit fault in the load or output 
the changer results in no ill effect to the 
ad nor the circuitry. Upon removal of 
ie short, power again flows. A descrip- 
on of control and protection is not pre- 
nted since it depends on the particular 
yplication and is outside the scope of 
is paper. 


oltage Regulation 


Voltage regulation of this type of fre- 
yency changer is accomplished by con- 
ol of the firing circuit signals, and is 
srformed at a very low power level. An 
crease in voltage appearing at the out- 
ut of the transformer is detected. The 
ing signals to the incoming input phase 
-e then held off while the outgoing phase 
permitted to commutate for a longer 
uration than its natural time before 
lifting to the next pair of rectifiers in the 
«xt phase. The effective battery volt- 
ze is reduced by this action causing a 
acrease in output. This continues with 
ich input phase. Actually, each pair of 
mtrolled rectifiers still conducts for 
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approximtely 120 degrees, but the conduc- 
tion angles have been shifted depending 
on the amount of regulation required. 
See Fig. 8. 

Under ideal maximum voltage condi- 
tions, the effective battery voltage Eng 
is equal to 1.17 E,y or 0.827 of the peak 
value. In actuality, since the power sup- 
ply has internal inductance, this value is 
somewhat reduced depending on the value 
of supply reactance and upon the current 
drawn, as depicted in the lower portion of 
Fig. 8. A regulated voltage causing a 
delay of 30 degrees in operation changes 
the average effective battery voltage to a 
smaller value equal to 0.827 cos 30 or 0.717 
of the peak input voltage. This value is 
again ideal and actually is slightly less 
than this. 

From the diagram, it can be seen that 
the ripple content or modulation in the 
output voltage will be greater because of 
regulation, but will be held to a small 
value by the neutral choke. 


Conclusions 


The step-up frequency changer de- 
scribed in this paper, utilizing controlled 
rectifiers in a single conversion process, 
directly converts 3-phase low-frequency 
into single-phase high-frequency power. 
Although a 4-wire 3-phase power supply 
was assumed for discussion, the frequency 
changer can be adapted to use other input 
supply configurations, such as a 3-wire 
3-phase supply, or other single- or poly- 
phase supplies. The high-frequency out- 
put may be made polyphase by conven- 
tional techniques. 


1. The maximum output frequency is 
limited by the controlled rectifiers and cir- 
cuit parameters, and presently, may be as 
high as 25 ke for relatively heavy loads, and 
35 ke for light loads. 


2. The output frequency being entirely 
independent of the input frequency, allows 
the circuit to follow exactly any reference 
signal frequency, provided the switching 
rate does not cause insufficient time for 
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turn-off of the controlled rectifiers. Fre- 
quency accurateness and stability are com- 
pletely dependent on the reference oscilla- 
tor or generator, thus, extremely close toler- 
ances are obtainable. With a crystal oscil- 
lator, frequency stability of the frequency 
changer can be 0.001%. 

—— 


8. Since the frequency changer operates 
directly from an alternating supply, volt- 
age regulation is efficiently accomplished 
by phase-angle control of the input voltages 
without the aid of additional power com- 
ponents. 


4. Simplicity of the power circuit and con- 
trol circuitry result in a highly reliable 
power conversion unit. The use of con- 
trolled rectifiers as semiconductor switches 
enhance total reliability, since semiconduc- 
tors themselves are inherently reliable de- 
vices when used in the proper manner. 


Nomenclature 


C=commutating capacitor 

Cr=transient filter capacitor 

CR=controlled rectifier 

Ery=peak forward blocking voltage of the 
controlled rectifier 

Epz=peak inverse voltage of the controlled 


rectifier se 
E, = forward blocking voltage at the instant 
of firing a controlled rectifier we 


F,=maximum peak inverse voltage assum- 
ing no leakage reactance in the power 
transformer 

L=neutral choke 

Rr=transient filter resistor 

T=time available for the recovery (turn- 
off) of the controlled rectifier 

T)=time duration of the controlled rectifier 
or transformer current overlap 
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